






















Biofouling	 in	 seawater	 reverse	 osmosis	 desalination	 membranes	 is	 a	 phenomenon	 that	
needs	urgent	 solutions	 to	effectively	mitigate	 the	problem,	mainly	due	 to	huge	economic	
losses	 it	 incurs.	 To	 achieve	 this,	 a	 thorough	 understanding	 of	 the	 microbial	 community	
ecology	 and	 source	 of	 fouling	 organisms	 on	 RO	 membranes	 is	 important.	 Extracellular	
polysaccharides	 produced	 by	 bacteria	 form	 an	 important	 part	 of	 the	 biofilm	 matrix	 that	






ecology	 were	 made	 between	 treatment	 groups	 of	 membrane	 samples.	 ii)	 Bacteria	 were	
isolated	 from	 membranes,	 prefilters	 and	 upstream	 locations	 of	 a	 full-scale	 desalination	
plant,	 and	 identified	 by	 16S	 rRNA	 gene	 sequencing,	 matrix-assisted	 laser	
desorption/ionization-time	of	flight	mass	spectrometry	(MALDI-TOF	MS)	and	Biolog	Gen	III	
systems.	 Suitable	 models	 were	 then	 selected	 from	 the	 culture	 collection	 based	 on	 their	
dominance	in	the	genetic	biofilm	community.	iii)	Exopolysaccharides	of	model	bacteria	were	
purified	 by	 acetone	 precipitation	 methods	 and	 characterized	 by	 ion	 chromatography,	
Attenuated	 total	 reflectance-Fourier	 transformed	 infrared	 spectroscopy	 (ATR-FTIR)	 and	
enzyme	 linked	 lectin	assay.	 iv)	2,2-dibromo-3-nitrilopropionamide	 (DBNPA),	a	biocide,	and	
two	free	radical	generating	compounds,	sodium	nitroprusside	 (SNP)	and	xanthine	oxidase,	
were	 tested	 as	 control	 agents	 to	 disperse	 biofilms	 by	 degrading	 polysaccharides	 on	
iii	
	
industrially	 fouled	membranes.	 v)	 For	potential	use	 in	biological	 control,	bacterial	 isolates	




bacterial	 groups,	which	 are	 known	 to	 be	 associated	with	 unique	biofilm	 forming	 abilities;	
mainly	 Caulobacterales,	 known	 to	 attach	 irreversibly	 with	 holdfast;	 Sphingobacterales,	

























































































































































	Fig.	 2:	 Comparison	 of	 relative	 abundance	 of	 genera	 in	 culture	 collection	 from	 different	






Table	 1:	 Comparison	 between	 cultured	 isolates	 from	 different	 locations	 and	 genetic	




	Supplementary	 Table	 1(a):	 Identification	 of	 isolates	 from	 raw	 seawater.	 Underlined	 taxa	
represent	definitive	identification.	
	Supplementary	 Table	 1(b):	 Identification	 of	 isolates	 from	 sand	 filters.	 Underlined	 taxa	
represent	definitive	identification.	






	Supplementary	 Table	 1(f):	 Identification	 of	 isolates	 from	 polished	 seawater.	 Underlined	
taxa	represent	definitive	identification	




Supplementary	 Figures	 1-6:	 MEGAN	 phylograms	 showing	 phylogenetic	 trees	 of	
Alphaproteobacteria	 (1),	 Betaproteobacteria	 (2),	Gammaproteobacteria	 (3),	 Bacteriodetes	
(4),	Actinobacteria	 (5),	 and	 Firmicutes	 (6)	 on	 RO	membrane	 biofilms.	 Size	 of	 the	 bubbles	
represents	number	of	OTUs	assigned/abundance	of	the	corresponding	taxa	on	a	logarithmic	
scale.	The	highlighted	genera	depict	those	isolated	in	culture.	The	arrows	and	the	coloured	


























































                                                  
ATR-FTIR                                    Attenuated Total Reflectance- Fourier Transformed    
                                                      Infrared Spectroscopy      
C                                                    Cartridge filter 
CLSM                                           Confocal Laser Scanning Microscopy 
ConA                                            Conacavalin A 
DBNPA                                         2,2-dibromo-3nitrilopropionamide 
DNA Deoxyribonucleic acid  
EDTA                                            Ethylenediaminetetraacetic acid 
EPS                                               Extracellular Polysaccharide/ Exopolysaccharide 
F                                                    Forward  
FO                                                 Forward Osmosis 
FSW                                              Filtered seawater 
GSL                                              Glycosphingolipid 
HPAEC-PAD                               High Performance Anion Exchange Chromatography with  
                                                     Pulsed Amperometric Detection   
MA/ MB                                       Marine Agar/ Marine Broth 
MALDI-TOF MS                         Matrix-Assisted Laser Desorption/Ionization Time-Of- 
                                                      Flight Mass Spectrometry 
NGS                                              Next generation sequencing 
OPD                                              o-Phenylenediamine dihydrochloride 
OTU                                              Operational Taxonomic Unit 
PCoA Principal Co-ordinate Analysis 
PCR                                               Polymerase Chain Reaction 
PERMANOVA                             Permutational Multivariate Analysis of Variance 
xiii	
	
PSDP                                             Perth Seawater Desalination Plant 
PSW                                              Polished seawater 
QC                                                 Quality Control 
R                                                    Reverse 
RO                                                 Reverse Osmosis 
rRNA ribosomal Riboxynucleic acid 
RSW                                              Raw seawater 
S                                                    Sand/dual media prefilter 
SE                                                  Standard Error 
SNP                                               Sodium Nitroprusside 
SWRO                                           Seawater Reverse Osmosis Membranes 
TCA                                              Trichloroacetic acid 
TSA/ TSB                                      Tryptone Soy Agar/ Tryptone Soy Broth 
UPGMA                                        Unweighted Pair Group Method Analysis 
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Over	 the	 past	 few	 decades,	 seawater	 reverse	 osmosis	 has	 become	 the	most	widely	 used	
desalination	technology	in	many	regions	around	the	world.	Despite	its	high	salt	elimination	
capacity,	 seawater	 reverse	 osmosis	 (SWRO)	 is	 associated	 with	 a	 biofouling	 phenomenon	
that	occurs	on	membranes,	 resulting	 in	decline	 in	 flux	 and	 increase	 in	operating	pressure	
and	cost.	The	major	types	of	fouling	in	reverse	osmosis	(RO)	membranes	are	i)	Crystalline:	
deposition	 of	 inorganic	 material,	 ii)	 Organic:	 organic	 substances	 like	 lipids,	 proteins,	 and	
humic	 substances	 iii)	 particulate	 and	 colloidal:	 deposition	 of	 clay,	 silt,	 particulate	 humic	
substances,	 debris,	 silica	 iv)	 microbiological:	 biofouling,	 adhesion	 and	 accumulation	 of	
microorganisms	forming	biofilms	(Flemming	1997).	While	the	first	three	types	of	fouling	can	
be	 reduced	 to	 a	 great	 extent	 through	 pretreatment,	 biofouling	 cannot	 be	 reduced	 by	
pretreatment	 alone,	 as	 deposited	microbial	 cells	 can	 grow,	multiply	 and	 relocate.	 Even	 if	
ninety	 nine	 percent	 of	 all	 bacteria	 are	 eliminated	 by	 pretreatment,	 a	 few	 surviving	 cells	
would	enter	the	system,	adhere	to	membrane	surfaces	and	form	recalcitrant	biofilms,	that	
are	difficult	to	remove	(Matin	et	al.	2011).		
	The	 process	 of	 accumulation	 of	 marine	 organisms	 and	 their	 metabolic	 products	 on	 the	
membrane	 surface	 is	 known	 as	 biofouling.	 The	 marine	 bacterial	 community	 that	 causes	
biofouling	 is	 still	poorly	understood.	Recent	 research	 in	biofilms	 is	being	directed	 towards	
exploring	bacterial	communities	that	coexist	in	harmony,	rather	than	investigating	individual	
bacterial	populations	that	may	have	a	role	in	biofouling	(Rice	et	al.	2016).	To	fill	the	gaps	in	





understand	 the	 microbial	 community	 on	 RO	 membrane	 surfaces	 as	 a	 whole,	 instead	 of	
focusing	on	novel	bacterial	species	that	may	be	identified	as	in	previous	studies.		
Multi-species	 bacterial	 communities	 behave	 differently	 in	 full-scale	 systems,	 compared	 to	
the	behaviour	of	one	or	a	 few	model	bacterial	 species	used	 for	most	biofouling	studies	 in	
small-scale	systems. This	is	because	bacteria	adapt	differently	in	complex	environments	and	
their	biofilm	forming	properties	are	enhanced	by	coexistence	with	other	species	of	bacteria	
(Elias	 and	 Banin	 2012).	 Therefore,	 more	 biofilm	 studies	 are	 essential	 to	 identify	 the	 key	
bacterial	species,	not	just	those	easily	cultured,	but	also	those,	which	have	a	dominant	role	
in	 the	genetic	community	profile	on	membrane	biofilms.	Selection	of	good	representative	
models	 of	 bacteria	 for	 bench-scale	 studies	 is	 a	 crucial	 prerequisite	 that	 has	 been	 largely	
ignored.		
Accurate	 identification	 of	 cultured	 isolates	 is	 also	 necessary	 to	 examine	 behavior	 in	
characterization	 and	 biofouling	 studies.	 Phenotypic	 methods	 are	 used	 routinely	 and	 are	
based	on	biochemical	reactions	and	antibiotic	resistance	for	quick	identification	of	cultures	




identification	method	 (Cherkaoui	 et	 al.	 2011,	Neville	 et	 al.	 2011).	However,	 all	 the	 above	
methods	 currently	 used	 are	 restricted	 by	 limited	 databases	 for	 environmental	 isolates,	




















still	 limited.	Most	 of	 the	 controlled	 experiments	 use	 Pseudomonas	 aerugenosa	 and	 their	
associated	EPS,	bacterial	alginate	(d’Ayala	et	al.	2008),	which	are	atypical	of	most	bacterial	
EPS.	This	has	led	to	misconceptions	that	most	bacterial	polysaccharides	resemble	alginate.		
Alginates	 are	 composed	 of	 mainly	 uronic	 acid	 residues,	 whereas	 most	 bacterial	 EPS	 are	
formed	 by	 D-glucose,	 D-galactose,	 and	 D-mannose	 (Sutherland	 2001).	 Due	 to	 large	
variations	and	diversity	among	bacterial	exopolysaccharides,	 it	 is	 important	 to	 isolate	and	
identify	the	precise	types	of	polysaccharides	from	the	key	bacterial	groups	that	are	likely	to	
be	 critical	 in	 fouling	 of	 desalination	 processes.	 Besides,	 it	 is	 not	 clear	 whether	 the	 EPS	
fouling	 the	 membranes	 originate	 from	 membrane	 biofilms	 themselves,	 source	 water,	





polysaccharides	 fouling	 RO	 membranes	 may	 lead	 to	 the	 development	 of	 more	 effective	
control	measures.		
Control	 measures	 to	 alleviate	 biofouling	 have	 been	 limited	 to	 bacteriocides	 and	 other	
antimicrobials	 that	 mostly	 focus	 on	 killing	 bacterial	 cells.	 These	 methods	 may	 kill	 the	





half-life	 and	 biodegradibilty.	 Some	 nitric	 oxide	 donors	 have	 been	 used	 effectively	 in	 the	
past;	 however,	 their	 effects	 have	 not	 been	 established	 on	 industrially	 fouled	membranes	
and	 the	mode	 of	 action	 is	 suggested	 to	 be	 via	 a	 cell	 signaling	mechanism	 (Barraud	 et	 al.	
2009),	rather	than	direct	degradation	of	the	EPS.	Biological	control	measures,	using	bacteria	
that	produce	degrading	enzymes,	is	an	area	that	may	also	prove	efficient	and	cost	effective	













• Do	 commonly	 used	 models	 in	 fouling	 studies	 adequately	 represent	 bacteria	 that	
form	biofilms	in	full-scale	desalination	plants	over	a	long	operational	duration?		












• Exploration	 of	 bacterial	 communities	 on	 RO	 membrane	 surfaces	 from	 a	 full-scale	
desalination	plant.	










• Investigation	of	 compounds	 that	degrade	polysaccharides	and	disperse	biofilms	on	





seawater	 reverse	 osmosis	 membrane,	 with	 emphasis	 to	 gaps	 in	 the	 scientific	
knowledge.	 This	 chapter	 also	 describes	 the	 research	 questions	 arising	 from	 these	
gaps	and	defines	the	objectives	of	this	research	study.	
• Chapter	2	reviews	the	relevant	literature	that	has	been	published	in	recent	years	and	
highlights	 the	 importance	 of	 the	 objectives	 of	 this	 study	 in	 contributing	 novel	
scholarly	 knowledge	 in	 the	 area	 of	 biofouling	 in	 full-scale	membrane	 desalination	
plants.	
• Chapter	3	deals	with	 the	 study	of	microbial	 communities	on	 industrially	 fouled	RO	
membranes	 from	 a	 full-scale	 desalination	 plant.	 Next	 generation	 sequencing	 has	
been	 employed	 to	 investigate	 biofilm	 community.	 This	 study	 describes	 the	 known	
prominent	 physiological	 traits	 of	 key	 biofouling	 organisms,	 and	 shifts	 in	 microbial	
ecology	of	these	bacteria	based	on	the	environment	within	the	RO	units	and	severity	
of	fouling.		
• Chapter	 4	 describes	 the	 isolation	 of	 bacteria	 from	 source	water,	 prefilters	 and	RO	
membranes	within	 the	 full-scale	 desalination	 plant.	 The	 phenotypic	 and	 genotypic	
methods	to	identify	these	bacteria	are	compared.	Diversity	of	culturable	population	







• Chapter	 5	 describes	 the	 extraction,	 purification	 and	 characterization	 of	 bacterial	
exopolysaccharides	 from	 the	 models	 selected	 in	 the	 previous	 chapter.	 The	
monosaccharide	 composition	 of	 these	 model	 bacteria	 was	 compared	 with	 known	
polysaccharide	structures	of	key	biofouling	species	in	the	genetic	community.		





oxidase	 enzyme,	 which	 generates	 free	 radicals	 in	 the	 presence	 of	 substrate	
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Biofouling	 in	seawater	 reverse	osmosis	 (SWRO)	membranes	 is	a	critical	 issue	 faced	by	 the	
desalination	 industry	 worldwide.	 	 The	 major	 cause	 of	 biofouling	 is	 the	 irreversible	
attachment	 of	 recalcitrant	 biofilms	 formed	 by	 bacteria	 and	 their	 extracellular	
polysaccharides	on	membrane	surfaces.	There	has	been	a	considerable	amount	of	research	
on	 SWRO	 biofouling	 and	 their	 control	 measures	 in	 the	 recent	 few	 years.	 However,	
significant	gaps	in	understanding	this	complex	process	are	evident	by	the	failure	to	achieve	
effective	prevention	and	mitigation	of	 fouling	 in	most	cases.	Some	of	 the	 reasons	may	be	
difficulty	 in	 sampling	 membranes	 from	 fully	 operational	 full-scale	 plants,	 poor	
understanding	of	microbial	 adaptation	and	ecological	 shifts	under	high	 salinity,	 flow	 rates	
and	high	pressures	 characteristic	of	 the	 internal	 environment	of	 the	desalination	process,	
selection	 of	 inappropriate	 model	 species	 for	 laboratory-scale	 biofouling	 studies	 and	
bacterial	 resistance	 to	 chemical	 treatments.	 This	 article	 reviews	 the	novel	 findings	on	key	















Water,	 an	essential	 element	 for	 life,	makes	up	71%	of	 the	planet's	 surface,	of	which	only	
3.5%	is	suitable	for	human	consumption,	to	be	found	in	 lakes,	rivers	and	springs	to	supply	
our	everyday	needs.	The	remaining	96.5%,	located	in	seas	and	oceans,	is	not	drinkable	due	
to	 its	high	 level	of	salinity.	 In	many	arid	parts	of	the	world,	 for	e.g.	Middle	East,	Australia,	
Northern	 Africa	 and	 Southern	 California,	 more	 than	 75	 percent	 of	 the	 population	 is	
concentrated	 along	 the	 coast.	 Seawater	 desalination	 provides	 a	logical	 solution	 for	 the	
sustainable,	long-term	management	of	the	growing	water	demand.		
The	most	widespread	and	advanced	system	of	seawater	desalination	 is	 the	use	of	 reverse	
osmosis	 membrane	 separation,	 whose	 implementation	 is	 more	 widespread	 compared	 to	
other	 systems	 such	 as	 thermal	 evaporation	 or	membrane	 distillation	 processes.	 In	 recent	
years,	 up	 to	 150	 countries	 host	 desalination	 plants	 and	 overall,	 these	 plants	 supply	 with	
desalinated	water	to	approximately	300	million	people.	As	for	the	global	implementation	of	














Biofouling	 in	 seawater	 reverse	 osmosis	 desalination	 plants	 demands	 urgent	 solutions	 to	
alleviate	fouling,	due	to	the	increasing	demand	for	fresh	water	and	the	cost	of	production.	
In	order	to	design	effective	control	measures,	a	thorough	knowledge	of	many	contributing	
factors	 like	 the	 microbial	 community,	 their	 physiological	 characteristics,	 nature	 of	
polysaccharides	 produced,	 effect	 of	 chemical	 treatments	 on	 the	 biofilms	 and	 membrane	
surface	are	required.	 In	recent	years,	 there	has	been	ongoing	research	 in	the	key	areas	of	
SWRO	biofouling.	Despite	this,	there	are	several	significant	gaps	and	unanswered	questions	
in	scientific	knowledge	of	fouling	mechanisms	within	the	full-scale	plant,	the	complexity	of	a	
multi-species	 bacterial	 consortium	 dwelling	 on	 membranes	 and	 the	 polysaccharides	
produced	under	conditions	of	high	pressure,	high	salinity	and	dynamic	flow	rate.	This	review	





than	 the	 natural	 osmotic	 pressure	 of	 seawater,	 through	 an	 array	 of	 spiral	 wound	 semi-
permeable	reverse	osmosis	membrane	units.	Reverse	osmosis	is	capable	of	removing	up	to	
99%	 of	 the	 dissolved	 salts	 (ions),	 particles,	 colloids,	 organics,	 and	 bacteria	 from	 the	 feed	
water.		
The	basic	 structure	of	most	 large-scale/full-scale	 SWRO	desalination	plants	 consist	 of	 two	
phases	 (Fig	 1a).	 The	 first	 phase	 is	 a	 pre-treatment	 phase	 where	 the	 filtration	 and	






particulate	 material	 of	 5-20	 microns;	 and	 microfilters	 (cartridge	 filters),	 which	 remove	
colloids	and	bacteria	<	10	microns.	Chemical	treatments	such	as	chlorination	and	application	
of	 biocides	 also	 remove	 the	 biological	 organisms	 in	 this	 phase.	 The	 range	 of	 chemical	



















Table	 1:	 Chemical	 treatment	 used	 in	 the	 Perth	 seawater	 Desalination	 Plant	
(http://www.aquasure.com.au/uploads/files/Water%20Treatment%20Fact%20Sheet.pdf)	
Stage	 Process		 Treatment	 Purpose	
1	 Seawater	intake	 Sodium	hypochlorite	
(bleach)	
Periodic	 chlorination	 to	 control	biological	 growth	
inside	seawater	intake	tunnel.	
Sodium	bisulphite	 Neutralises	seawater	after	chlorination	process.	
2	 Filtration	 Ferric	 sulphate	
(coagulant)	











Maximises	 performance	 of	 reverse	 osmosis	
membranes.	
























The	 second	phase	comprises	 the	membrane	 filtration	phase.	 Seawater	at	high	pressure	 is	






the	 Perth	 seawater	 desalination	 plant	 (PSDP).	 They	 are	 constructed	 with	 spirally	 wound	
polyamide	membranes	(Dow	Filmtec),	consisting	of	up	to	30	leafs	per	unit.	Each	leaf	is	made	
of	two	membrane	sheets	glued	together	back-to-back	with	a	permeate	spacer	 in-between	








































A	 few	 planktonic	 bacterial	 cells	 along	 with	 some	 bacterial	 spores	 that	 penetrate	 the	
prefilters	and	gain	access	to	the	filtered	seawater	have	a	tendency	to	adhere	to	surfaces	of	
pipelines	 and	 RO	 membranes,	 as	 they	 are	 transported	 by	 the	 source	 water.	 Bacterial	
attachment	 is	 facilitated	 by	 the	 free	 floating	 soluble	 extracellular	 polymeric	 substances	
(slime	EPS)	present	in	seawater,	which	precondition	the	membrane	surfaces	(Olofsson	et	al.	













operational	efficiency	of	 the	desalination	process,	 it	 is	known	as	biofouling.	The	EPS	 traps	
the	 dissolved	 salts	 in	 the	 biofilm,	 thus	 increasing	 the	 concentration	 polarisation	 of	
membrane	 surface,	 which	 in	 turn	 decreases	 the	 salt	 rejection.	 The	 biofilm	 increases	 the	
hydraulic	 resistance	on	 the	membrane	 surface	and	 reduces	 the	permeate	 flux.	The	above	
consequences	 lead	 to	 the	 formation	 of	 recalcitrant	 biofilms,	 leading	 to	 decreased	
operational	 performance,	 increasing	 the	 energy	 requirements	 to	 push	 the	water	 through	
the	RO	units	(Matin	et	al.	2011).		
Previous	 researchers	 have	 used	 several	 strategies	 to	 either	 prevent	 biofilm	 formation	 on	
membranes	 or	 disperse	 and	 in	 turn	 remove	 mature	 biofilms.	 Some	 of	 the	 methods	 to	
alleviate	biofouling	on	RO	membranes	include	physical	flushing	or	cleaning	of	membranes,	
addition	of	 chemicals	 compounds	 targeting	 the	bacterial	 cells	 and/or	 extracellular	matrix,	
and	modification	of	membrane	 surface	and	 structure	 (Matin	et	 al.	 2011)	 .	However,	 each	
has	 disadvantages	 (Matin	 et	 al.	 2011).	 Current	 clean-in-place	 (CIP)	 practices	 are	 often	
ineffective	 due	 to	 incorrect	 chemical	 selection;	 incomplete	 penetration	 of	 biofilm	 layers;	
poor	 cleaning	 practice	 with	 respect	 to	 pH,	 temperature,	 contact	 time;	 improper	





and	 deoxyribonucleases,	 but	 such	 enzymes	 target	 specific	 strains	 and	 their	 efficacy	 in	





























Table	 2:	 Summary	 of	 bacterial	 community	 characterisation	 studies	 in	 seawater	 reverse	
osmosis	desalination	systems	






























































































5h	 samples	 and	 100	 h	
samples.		
	


























































The	 SWRO	unit	 in	 this	
study	 was	 of	 a	 small-
scale	which	comprised	
4	 inch	 RO	 modules	
with	 pre-treatment	





with	 6	 elements	 in	






















































































































































(330	 days)	 In	 contrast,	
Betaproteobacteria	


























































































study	 had	 been	 used	









































were	 dominant	 in	 the	
water	 during	
pretreatment	 stages	





































































































and	 host	 associated	 environments,	 (Caporaso	 et	 al.	 2012),	 estuarine	 water	 biofilms	 on	
membrane	distillation	and	RO	systems	(Zodrow	et	al.	2014a),	clinical	specimens	(Loman	et	
al.	2013;	Reuter	et	al.	2013),	gut	microbiome	(Markle	et	al.	2013)	and	human	microbiome	






communities.	 The	 method	 may	 also	 be	 employed	 in	 characterizing	 SWRO	 membrane	
biofilms	to	gain	a	better	understanding	of	their	changing	patterns	of	ecology.		
To	date	no	metagenomic	studies	have	been	published	on	characterization	of	aged,	mature	
biofilm	communities	 from	various	 locations	within	 full-scale	RO	membrane	units	after	 the	





al.	2014b)	 (Table	2).	Membrane	biofouling	 is	a	dynamic	phenomenon	and	 the	community	
composition	 is	 expected	 to	 undergo	 changes	 based	 on	 several	 factors	 influencing	 their	
survival.	 There	 are	 only	 few	 reported	 studies	 on	microbial	 diversity	 of	 SWRO	membrane	
biofilms	 especially	 changes	 in	 the	 community	 based	 on	 location	 and	 time.	 Biofouling	 has	
been	known	to	occur	within	in	the	first	few	hours	of	starting	the	RO	operation	(Chen	et	al.	
2004;	Lee	et	al.	2010c).	Membrane	surface	properties	(Baek	et	al.	2011)	and	feed	water	pre-
treatment	 (Herzberg	 et	 al.	 2010)	 do	 not	 have	 much	 effect	 on	 RO	 membrane	 biofilm	
composition.	Chemical	cleaning	procedures	are	known	to	affect	only	 the	top	 layers	of	 the	
biofilm	 formed	 by	 secondary	 colonisers	 (Bereschenko	 et	 al.	 2011).	 It	 is	 important	 to	
understand	 the	basic	 community	 composition	of	membrane	biofilms,	 their	 relatedness	 to	
the	seawater	community,	and	furthermore,	to	characterise	the	major	groups	of	bacteria	in	
the	 biofilm	 that	 undergo	 shifts	 in	 their	 abundance,	 depending	 on	membrane	positions	 or	






to	 be	 essential	 to	 design	 appropriate	 pre-treatments	 and	 control	 methods	 to	 alleviate	
biofouling	(Khan	et	al.	2013c)		
The	 two	 major	 phyla,	 namely,	 Proteobacteria	 and	 Bacteriodetes	 have	 been	 previously	





and	Alphaproteobacteria	dominated	 the	mature	 biofilms	 of	 RO	membranes	 as	 secondary	
colonisers	 (Manes	 et	 al.	 2011a;	 Manes	 et	 al.	 2011b)	 according	 to	 some,	 while	
Gammaproteobacteria	 were	 the	 main	 primary	 colonisers	 and	 Betaproteobacteria	





The	 differences	 in	 findings	 between	 the	 above	 studies	 (Table	 2)	 may	 be	 attributed	 to	
variations	 in	 methods,	 for	 e.g.	 use	 of	 different	 sets	 of	 primers,	 differences	 in	 the	 feed	
seawater	bacterial	community	which	may	be	influenced	by	the	geographical	location	of	the	
desalination	 plants,	 or	 differences	 in	 the	 duration	 of	 operation	 of	 the	 process.	 Despite	











the	 abundance	 of	 taxonomic	 groups	 were	 not	 calculated	 as	 a	 function	 of	 unit	 of	 biofilm	
biomass.	Therefore,	data	on	bacterial	community	composition	were	not	validated	as	a	fair	
comparison	 in	 terms	 of	 relative	 abundance	 e)	 Possible	 pre-existing	 contamination	 on	
membranes	or	 internal	pipe	surfaces,	before	 installation	have	been	largely	 ignored.	f)	Due	
to	the	difficulties	in	sampling	from	an	operational	plant,	studies	are	confined	to	biofilms	of	
up	to	a	year	old.		
Biofilms	on	 SWRO	membranes	 that	 have	undergone	 a	 full-operational	 life-cycle	would	be	




an	 operational	 life	 span	 of	 7	 years.	 Membrane	 biofilms	 were	 investigated	 and	 bacterial	
abundance	was	 quantified	 as	 a	 function	 of	 unit	 biofilm	 biomass.	 According	 to	 the	 study,	
Gammaproteobacteria	 predominated	 the	 thin,	 compact	 biofilms	 at	 the	 mid-feed	 end	 of	
membrane	units.	Betaproteobacteria	correlated	with	stable,	mature	and	thick	biofilms	from	
severely	 fouled	 membranes	 or	 feed	 end	 of	 the	 membrane	 unit,	 while	 Alpha	 and	








Rhizobiales,	 Burkholderiales	 and	 some	 Pseudomonadales	 were	 also	 prevalent	 across	 all	
fouled	 membranes	 and	 appeared	 to	 be	 critical	 for	 ecological	 balance	 and	 biofilm	
maturation.	
In	 recent	 years,	 sphingomonads	 and	 other	 glycosphingolipid	 producers	 are	 being	
investigated	for	their	major	role	in	seawater	reverse	osmosis	biofilms.	A	few	recent	studies	




in	 the	outer	 layer	of	 bacteria	belonging	 to	 the	orders	Rhizobiales,	 Sphingomonadales	 and	
Sphingobacteriia	 and	 the	 unique	 features	 of	 EPS	 produced	 by	 these	 bacteria	 has	 been	
investigated	only	in	the	last	3	to	4	years.		Very	few	recent	studies	show	the	importance	of	
EPS	in	environmental	microbiology	and	in	spite	of	their	large	contribution	to	biofilm	biomass	
(up	 to	 95%),	 their	 presence	 is	 largely	 ignored.	 The	 biofilms	 formed	 by	 GSL-producing	
Sphingomonas	and	their	glucuronic	acid-rich	EPS	form	much	stronger	bonds	than	other	EPS	
in	a	biofilm	matrix	(Gutman	et	al.	2014).		A	high	abundance	of	Sphingomonas	species	on	RO	
membranes	 in	a	 full-scale	SWRO	system	has	been	recorded	previously	 (Bereschenko	et	al.	
2008a).	 The	 importance	 of	 Sphingomonas	 and	 their	 glycosphingolipids	 from	 initiation	 to	
maturation	 of	 the	 biofilm	 in	 a	 cross-flow	 side	 stream	 unit	 has	 also	 been	 documented	
(Bereschenko	 et	 al.	 2010b).	 They	 are	 the	 only	 group	 of	 bacteria	 resistant	 to	 chemical	
cleaning	agents	(Bereschenko	et	al.	2011).	A	bench-scale	study	on	RO	membranes	in	tertiary	





particular	 emphasis	 on	 glycosphingolipid-producing	 bacteria	 and	 denitrifying	 bacteria	
appear	 to	 have	 a	 major	 role	 in	 membrane	 biofouling	 in	 bench-scale	 tertiary	 wastewater	





some	 information	 on	 the	 most	 abundant	 groups	 of	 bacteria	 that	 foul	 membranes	 but	 a	
better	understanding	of	their	physiological	characteristics,	dynamics	of	survival	mechanisms	
in	a	multi-species	community	and	resistance	to	harsh	conditions	is	required.	The	differences	










exposure	 to	 chemical	 treatments	 etc.	 A	 recent	 study	 did	 an	 extensive	 research	 on	 the	
membrane	biofilm	community	of	full-scale	SWRO	system,	the	findings	of	which	largely	pave	





designing	 better	 pre-treatment	 steps	 to	 control	 biofouling	 especially	 at	 the	 feed	 end	 of	
membrane	units	(Nagaraj	et	al.	2017a).		
2.2.6 Isolation	 and	 comparison	 of	 identification	 methods	 for	 bacteria	 and	
selection	of	suitable	models		
Culturing	marine	organisms	has	taken	a	backseat	 in	recent	years	due	to	advances	 in	rapid	
sequencing	methods	 to	 generate	 a	 large	 amount	of	 information	on	bacterial	 populations.	
However,	 cultures	 are	 essential	 to	 study	 the	 bacterial	 biofilms,	 fouling	 behaviour,	 their	
physiology,	 chemical	 composition	 of	 polysaccharides	 they	 produce,	 and	 response	 to	
treatment	 methods.	 Culture-dependent	 and	 culture-independent	 methods	 have	 been	
previously	compared	to	study	bacterial	populations	in	fresh	water	samples	(Vaz-Moreira	et	
al.	 2011)	 and	 it	 was	 reported	 that	 culture	 methods	 had	 lower	 coverage.	 However,	
identifications	were	possible	to	a	species-level	in	comparison	to	molecular	methods,	which	
identified	operational	taxonomic	units	(OTUs)	only	to	genus-level.	While	species-level	is	still	
not	 reliable	 for	NGS,	especially	 for	 identifying	environmental	organisms,	which	are	not	on	
the	database,	it	is	now	more	robust	for	family/genus-level	identifications.	
	Similar	studies	of	comparisons	between	culturable	and	genomic	populations	were	done	in	
Gedongsongo	 (GS-2)	 hot	 spring	 (Aminin	 et	 al.	 2008),	 hydrocarbon	 contaminated	 soils	
(Stefani	et	al.	2015),	anaerobic/aerobic	SBR	reactors	(Lu	et	al.	2006),	commercial	salad	leaf	
vegetables	 (Jackson	 et	 al.	 2013),	 chronic	 wounds	 (Rhoads	 et	 al.	 2012)	 and	 estuarine	
bacterioplankton	 (Kisand	 and	Wikner	 2003).	 Culture-based	 methods	 are	 mostly	 of	 lower	










have	 been	 used	 in	 conjunction	 with	 each	 other	 or	 compared	 for	 effective	 bacterial	
identifications.	In	a	comparative	study	of	the	performance	of	Biolog	Gen	III,	MALDI-TOF	and	
16S	 rRNA	 gene	 sequencing	 methods	 in	 the	 identification	 of	 bacteria	 of	 veterinary	
importance,	 it	was	reported	that	16S	gene	sequencing	performed	significantly	better	 than	
the	phenotypic	methods	(Wragg	et	al.	2014).	The	Biolog	Gen	III	system	was	also	compared	
to	 16S	 rRNA	 gene	 sequencing	 in	 identifying	 clinical	 pathogenic	 bacteria	 and	 found	 that	
sequencing	methods	were	 superior	 especially	 in	 identifying	 	 species	 of	Acinetobacter	 and	
Bardotella	that	lacked	distinct	biochemical	profiles	(Tang	et	al.	1998).		




used	 in	 identifying	 bacteria	 from	 a	 wastewater	 treatment	 plant	 (Chojniak	 et	 al.	 2015),	
pharmaceutical	industry	(Sandle	et	al.	2013),	marine	biofilms	(Fritze	2004;	Kwon	et	al.	2002),		
raw	vegetables	and	 fruits	 (Di	Cagno	et	al.	2010)	and	 fish	pathogens	 (Verner-Jeffreys	et	al.	
2011).			
Protein	 profiling	 using	MALDI-TOF	 has	 been	 gaining	 increasing	 popularity	 over	 the	 recent	
years	 for	 identifying	 pure	 cultures	 of	 bacteria	 isolated	 from	 diverse	 environments.	 	 This	
method	was	 first	employed	to	 identify	cyanobacteria	 (Erhard	et	al.	1997).	The	advantages	









highly	efficient	 in	 identifying	 isolates	 in	a	clinical	 laboratory	(Cherkaoui,	Hibbs	et	al.	2010).	
Species	of	bacteria	of	 importance	to	the	paint	 industry	have	also	been	identified	to	a	high	
level	 of	 accuracy	 using	 MALDI-TOF	 in	 a	 recent	 study	 (Urwyler	 and	 Glaubitz	 2016).	 Soil	
isolates	 that	 metabolise	 biphenyl	 were	 well	 identified	 to	 a	 species-level	 by	 this	 method	
(Uhlik	et	al.	2011).	The	application	of	MALDI-TOF	to	marine	bacteria	are,	however,	is	limited.	
Bacteria	from	ballast	water	have	been	successfully	characterised	using	MALDI-TOF	(Emami	
et	 al.	 2012).	 The	 experimental	 parameters	 for	 rapid	 identification	 of	 environmental	
microbes	 from	 sewage	 sludge	 have	 been	 optimised	 previously	 (Ruelle	 et	 al.	 2004).	 The	





identifications	 owing	 to	 large	 and	 extensive	 databases	 that	 are	 continuously	 updated.	








genus	 level.	 Previous	 studies	 report	 inadequacies	 of	 the	 sequencing	method	 for	 species-
level	identifications	(Fox	et	al.	1992;	Janda	and	Abbott	2007).	 





In	 studies	 related	 to	 membrane	 biofouling,	 Pseudomonas	 and	 Bacillus	 are	 the	 most	
commonly	 isolated	 genera	 among	 the	 Gammaproteobacteria.	 Pseudomonas	 has	 been	
reported	 to	 be	 the	 predominant	 genus	 isolated	 from	 an	 SWRO	 feed	 tank	 that	 generated	
high	 amounts	 of	 transparent	 exopolymers,	 which	 are	 discrete	 particles	 of	
exopolysaccharides,	in	cross	flow	experiments	(Jamieson	et	al.	2016).	It	is	capable	of	active	
initial	attachment	in	drinking	water	distribution	systems	(Douterelo	et	al.	2014a).	In	another	
study,	 it	 was	 also	 reported	 that	 Bacillus	 isolated	 from	 intake	 seawater	 fouled	 RO	
membranes	severely	under	laboratory	conditions	(Lee	et	al.	2010b).	
As	the	microbial	community	in	the	intake	seawater	determines	the	biofouling	potential	on	
RO	membranes,	 it	 is	of	 importance	to	assess	the	seawater	 flora.	 In	a	previous	study,	total	
culturable	 seawater	 bacteria,	 especially	 those	 belonging	 to	 Gammaprotoebacteria,	 were	
analysed	 to	 indicate	 and	 quantify	 biofouling.	 It	 was	 recorded	 that	 Bacillus	 and	
Pseudoalteromonas	were	the	most	frequently	isolated	organisms	(Lee	et	al.	2009).	Bacillus	
isolated	 from	 intake	 seawater	 fouled	 RO	 membranes	 intensively	 under	 laboratory	





Mycobacterium	 isolates	 was	 reported	 in	 the	 feed	 water	 of	 a	 wastewater	 RO	 treatment	
facility	(Belgini	et	al.	2014).		
The	reasons	for	a	high	occurrence	of	Pseudomonas	and	Bacillus	in	biofouling	studies	may	be	
attributed	 to	 their	 ability	 to	 use	 a	 wide	 range	 of	 substrates	 under	 culture	 conditions,	
versatile	 metabolic	 abilities,	 resistance	 to	 chemical	 treatments	 such	 as	 chlorination	 and	
formation	of	spores	as	in	Bacillus.		
	To	 better	 understand	 the	 biofilms	 on	 RO	 membranes,	 it	 is	 important	 to	 compare	
communities	 across	 different	 compartments	 of	 the	 full-scale	 desalination	 plant	 and	 then	
determine	 the	most	 relevant	models	critical	 in	biofouling.	 	Different	organisms	have	been	
isolated	 across	 various	 studies,	 as	 summarised	 in	 Table	 3,	 and	 depending	 on	 their	
prevalence	in	culture,	conclusions	were	made	on	their	possible	role	in	fouling.	Single-species	
biofouling	studies	are	not	adequately	 representative	of	how	fouling	 is	brought	about	by	a	
multi-species	 biofilm	 community	 under	 dynamic	 operational	 conditions	 in	 the	 full-scale.	
Considering	 the	 limitations	 of	 culture	 bias	 and	 shorter	 durations	 of	 laboratory	 scale	
experiments,	 the	best	 possible	 approach	would	be	 to	 select	 a	 range	of	model	 organisms,	
which	are	not	only	prevalent	in	culture	but	also	in	the	genetic	biofilm	community.	The	best	
possible	method	 to	 achieve	 this	 is	 to	build	 a	 culture	 library	of	 isolates	 from	 the	 full-scale	
desalination	 plants,	 and	 compare	 them	 to	 the	 genetic	 biofilm	 community	 that	 cause	













reported	 that	 cultured	 isolates,	 comprising	 only	 few	
genera	were	not	good	representatives	of	the	dominant	







Bacterial	 communities	 were	 characterised	 in	 intake	
water,	 pre-treated	 water	 and	 SWRO	 membranes	 in	 a	
full-scale	plant	and	 it	was	suggested	 that	 there	was	an	
alphaproteobacterial	 domination	 on	 RO	 membranes	
with	a	possibility	of	Ideonella	being	a	primary	coloniser	
Ideonella		 (Manes	 et	 al.	
2011b)	
Characterisation	 of	 bacterial	 communities	 across	
different	 compartments	 of	 a	 full-scale	 desalination	
plant	 emphasized	 the	 significance	 of	Sphingomonas	 as	




The	 biofilm	 characteristics	 of	 cultured	 isolates	 from	 a	
RO	membrane	have	been	studied	and	it	was	suggested	
that	biofouling	 species	have	unique	properties	 such	as	
hydrophobicity	 for	 Dermacoccus	 and	Microbacterium,	
low	 surface	 charge	 for	 Rhodopseudomonas	 and	









Most	 biofouling	 studies	 use	 Pseudomonas	 aerugenosa	 or	 Pseudomonas	 flourescens	 as	
models.	 The	 choice	 of	model	 organisms	 have	 also	 been	 restricted	 to	 those	 isolated	 from	
either	RO	membranes	or	 feed	water	 (Douterelo	et	al.	2014b;	Lee	et	al.	2010a;	Pang	et	al.	
2005).	 In	 an	 attempt	 to	 overcome	 these	 inadequacies,	 studies	 should	 select	 the	 most	
representative	organisms	from	a	large	culture	collection	across	the	whole	desalination	plant	







along	 a	 full-scale	 desalination	 plant	 was	 selected	 for	 future	 biofouling	 studies.	
Pseudomonas,	 Bacillus,	 Pseudoalteromonas,	 Microbacterium	 and	 Exiguobacterium	 were	
among	the	most	prevalent	and	versatile	models	(Nagaraj	et	al.	2017d).	These	isolates	were	
selected	 based	 on	 their	 prevalence	 in	 the	 genetic	 bacterial	 community	 of	 the	 SWRO	
membranes	 from	 the	 full-scale	 plant	 (Nagaraj	 et	 al.	 2017a).	 The	 selection	 of	 most	
representative	models	led	to	significant	discoveries	about	their	polysaccharide	composition	
and	 some	 key	 sugars,	 such	 as,	 rhamnose	 and	 fucose,	which	may	play	 a	 role	 in	 biofouling	
(Nagaraj	 et	 al.	 2017b)	 .	 The	 model	 organisms	 were	 also	 analysed	 for	 the	 production	 of	






extracellular	 DNA	 and	 humic	 substances	 play	 a	 major	 role	 in	 membrane	 biofouling	
(Herzberg	et	al.	2009).	Among	these,	polysaccharides	that	 form	the	backbone	structure	of	










Most	 researchers	 investigating	 the	 chemical	 composition	 and	molecular	 structures	 of	 EPS	
focus	 on	 individual,	 novel	 bacterial	 strains.	 Some	 studies	 have	 also	 investigated	 complex	
mixtures	of	polysaccharides	but	little	research	is	available	on	the	EPS	produced	by	a	range	of	
multiple	 fouling	 microorganisms.	 One	 such	 study	 was	 reported,	 where	 slime	 deposits	 of	
paper	 mill	 was	 characterized	 by	 analyzing	 the	 EPS	 from	 isolated	 bacteria	 (Verhoef	 et	 al.	
2005).	However,	there	are	no	known	studies	on	SWRO	membrane	EPS.	It	would	be	of	great	
value	 to	 discover	 the	 key	 components	 of	 EPS	molecules	 as	 a	whole,	 in	 desalination	plant	




towards	detection	of	key	monosaccharides	 that	may	also	be	 found	 in	uncultured	bacteria	
dominating	 the	 genetic	 community,	 known	 to	 produce	 unique	 polymeric	 substance	 with	
superior	biofilm	forming	abilities.	This	would	be	a	more	efficient	way	of	characterising	the	
important	 biofilm	 polysaccharides,	 in	 comparison	 to	 the	 time-consuming	 and	 expensive	
methods	to	determine	structure	and	composition	of	individual	polymers.		
Recently,	 marine	 bacterial	 polysaccharides	 are	 drawing	 increasing	 attention.	
Polysaccharides	 of	 marine	 bacteria,	 especially	 those	 from	 extreme	 environments,	 are	









rhamnose	 and	 fucose;	 amino	 sugars	 like	 glucosamine	 and	 galactasomine;	 or	 uronic	 acids	





sugars	 are	 important	 in	 rendering	 unique	 physical	 properties	 to	 exopolysaccharide	
molecules.	These	are	L-	fucose,		L-rhamnose,	glucuronic	acid	and	galacturonic	acid	(Roca	et	
al.	 2015).	 Some	 of	 the	 extensively	 studied	 polymers	 containing	 fucose	 are	 colonic	 acid	
(Rättö	et	al.	2006)	,	fucogel		(Paul	et	al.	1999),	clavan		(Vanhooren	and	Vandamme	2000),	or	
Fucopol	(Freitas	et	al.	2011).	The	rhamnose-rich	polysaccharides	belong	to	the	category	of	
sphingans,	 produced	by	Sphingomonas	 (Fialho	 et	 al.	 2008).	A	 few	examples	 are	 rhamsan,	
welan,	 and	 gelan.	 These	 polymers	 are	 known	 to	 have	 potential	 use	 in	 biochemical,	
pharmaceutical	 and	 cosmetic	 industries	 because	 of	 enhanced	 gel	 formation,	 thickening,	
biofilm	production,	emulsion	stabilization	and	flocculation	(Dumitriu	2004).		
According	 to	previous	 literature	on	 specific	 organisms,	 the	predominance	of	one	or	more	
sugars	 in	 the	 EPS	 structure	 has	 a	 role	 in	 delivering	 better	 biofilm	 stability.	 Galactose-rich	
polysaccharides	of	Pseudomonas	are	reported	to	have	better	surface	coverage	and	stronger	
adhesion	 forces	 compared	 to	 those	 of	 glucose-rich	 EPS	 (Fahs	 et	 al.	 2014).	 Studies	 also	
reported	 that	 uronic	 acids	 in	 EPS	 impart	 a	 negative	 charge	 to	 the	 polymer	 (Decho	 1990;	
Scott	and	Dorling	1965),	which	makes	them	sticky	as	they	attract	metallic	cations	 	 (Brown	
and	 Lester	 1982).	 Sulphate	 groups	 in	 polysaccharide	 molecules	 also	 impart	 a	 negative	















of	 polysaccharides	 have	 been	 standardised.	 Although	modifications	 in	 growth	media	 can	
alter	 the	 polysaccharides	 by	 a	 small	 extent,	 it	 has	 been	 established	 that	 EPS	 sugar	
composition	 is	 genetically	 determined	 and	 not	 significantly	 affected	 by	 cultivation	
conditions	(Celik	et	al.	2008;	López	et	al.	2003).	The	standard	methods	that	have	been	used	
are	 growth	 in	 liquid	 media,	 centrifugation	 to	 remove	 bacterial	 cells,	 trichloroacetic	 acid	
precipitation	and	centrifugation	 to	 remove	proteins,	cold	ethanol	or	acetone	precipitation	
to	 derive	 	 EPS,	 centrifugation	 to	 recover	 the	 EPS	 pellet,	 followed	by	 dissolution	 in	water,	
dialysis	and	freeze	drying	or	vacuum	concentration	(Bales	et	al.	2013;	Di	Donato	et	al.	2016;	
Nichols	et	al.	2005)	.	
Several	assays	and	 techniques	have	been	previously	used	 to	 characterize	polysaccharides.	
Enzyme-linked	 lectin	 assays	 have	 been	 used	 to	 quantify	 specific	 sugars	 in	 bacterial	






mannose	 in	 bacteria	 from	 the	 food	 industry.	 ConA	 is	 a	 commonly	 used,	 plant-derived,	
carbohydrate-binding-protein,	 which	 specifically	 binds	 to	 α-mannopyranosyl	 and	 α-
glucopyranosyl	 residues	 in	 the	 biofilm	 polysaccharides.	 It	 is	 widely	 used	 in	 biology	 and	
biochemistry	 to	 characterize	 glycoproteins	 and	 other	 sugar-containing	 entities	 on	 the	
surface	of	various	cells.		ConA	has	also	been	used	in	flourescently	labelled	forms	in	confocal	
imaging	 studies	 to	 detect	 glucose	 and	mannose	 (Castro	 et	 al.	 2014;	 Johnsen	 et	 al.	 2000;	
Leriche	 et	 al.	 2000;	 Strathmann	 et	 al.	 2002).	 	 Fluorescently	 labeled	 Ulex	 lectin	 has	 been	
successfully	used	to	detect	fucose	in	Aeromonas	biofilms	(Castro	et	al.	2014).			
The	 High	 Performance	 Anion	 Exchange	 Chromatography-Pulse	 Amperometric	 Detection	
(HPAEC-PAD)	is	a	technique	used	to	quantitatively	analyze	carbohydrates.	It	was	developed	
in	 the	 1990’s	 (Gutierrez	 et	 al.	 2013).	 The	 method	 has	 been	 described	 as	 having	 high	
sensitivity	 without	 requiring	 derivitization	 of	 sugars	 (Dubois	 et	 al.	 1956;	 Tranvik	 1993).	
Zhang	and	coworkers	(2012b)	developed	methods	for	analysis	of	acidic	sugars	and	complete	
monosaccharides	 using	 this	 technique.	 Corradini	 and	 co-workers	 (2012)	 evaluated	 this	
technique	 and	 found	 it	 to	 be	 a	 powerful	 tool	 to	 evaluate	 carbohydrates	 of	 food	 interest.	
Ricci	 and	 co-workers	 (2001)	developed	a	method	 to	analyse	EPS	 from	Neisseria	 by	use	of	
high	 performance	 anion	 exchange	 chromatography	 with	 pulsed-amperometric	 detection.	
Talaga	 and	 co-workers	 (2002)	 compared	 different	 hydrolysis	 for	 quantification	 of	
pneumococcal	 polysaccharides	 using	 HPAEC-PAD.	 It	 was	 reported	 in	 this	 study	 that	
methanolysis	 followed	 by	 acid	 hydrolysis	 brought	 about	 the	 best	 recovery	 of	
monosaccharides.		






in	 these	 EPS	 molecules	 to	 better	 understand	 their	 physical	 properties.	 Attenuated	 Total	
Reflectance-Fourier	Transformed	Infra-red	spectroscopy	(ATR-FTIR)	has	been	widely	used	in	
the	characterization	of	bacterial	polysaccharides.	Dyk	and	co-workers	(2012)	employed	FTIR	
as	one	of	 the	methods	along	with	GCMS	 to	 characterize	exopolysaccharides	 from	Bacillus	
licheniformis.	Marcotte	 An	 assay	with	 FTIR	was	 developed	 to	 quantify	 sugars	 in	 bacterial	
polysaccharides	 (Marcotte	 et	 al.	 2007).	 This	 method	 has	 also	 been	 used	 to	 detect	









signalling	 role	 of	 free	 radicals,	 their	 direct	 action	 on	 polysaccharides	 has	 been	 largely	
ignored.	 There	 are	 significant	 gaps	 in	 the	 research	 related	 to	 control	measures	 from	 the	
perspective	of	tackling	biofilms	by	targeting	their	polysaccharides,	rather	than	the	bacterial	
cells	 themselves.	Polysaccharides	are	 important	 for	 the	structural	 integrity	of	biofilms	and	
breaking	down	polysaccharides	may	aid	in	more	effective	dispersal	of	biofilms.		
Of	 the	 free	 radical	 treatments,	 nitric	 oxide	 donors	 have	 been	 the	 most	 commonly	
investigated.	 Barraud	 and	 co-workers	 (2006)	 reported	 that	 use	 of	 low	 concentrations	 of	









various	 nitric-oxide-generating	 compounds	 in	 biofilm	 dispersal	 of	 Pseudomonas	 biofilms	
were	 compared	 and	 the	 effectiveness	 of	 one	 of	 these	 compounds	 in	 dispersing	 mixed-
species	biofilms	of	 isolates	 from	 industrial	membrane	bioreactors	was	established	 (Barnes	
et	al.	2013;	Barnes	et	al.	2015).		
Enzymes	 active	 against	 polysaccharides	 and	 proteins	 have	 also	 been	 tested	 to	 remove	
biofilms	of	Pseudomonas	and	Bacillus	 from	food	 industry	 (Lequette	et	al.	2010).	However,	
these	enzymes	are	restricted	by	specificity	and	high	cost.	Xanthine	oxidase	is	a	free-radical-
generating	enzyme,	which	produces	reactive	oxygen	species	when	exposed	to	its	substrates,	
hypoxanthine	 or	 xanthine.	 The	 enzyme-substrate	 interaction	 generates	 free	 radicals	
including	 hydrogen	 peroxide,	 singlet	 oxygen	 and	 hydroxyl	 radicals.	 It	 was	 reported	 that	
endogenously	produced	hydrogen	peroxide	may	facilitate	cell	death	and	biofilm	dispersal	in	
complex	marine	microbial	 communities	 (Mai-Prochnow	et	al.	2008).	 	However,	 the	use	of	
xanthine	oxidase	has	not	been	explored	for	controlling	biofilms	formed	in	seawater	reverse	
osmosis	systems.		
All	 of	 the	 above	 studies	 are	 directed	 at	 either	 single-species	 biofilms	 or	 multi-species	
biofilms	 of	 a	 small	 number	 of	 two	 to	 five	 isolated	 cultures.	 The	 membranes	 are	 usually	
fouled	over	a	short	duration	of	24	to	48	hours	under	controlled	laboratory	conditions.	There	






formed	over	a	an	operational	 life-span	of	 few	years.	Besides,	 the	application	of	expensive	
compounds	and	enzymes	is	not	feasible	on	a	large-scale.	
Biological	 control	 measures	 are	 still	 an	 unexplored	 area	 in	 control	 of	 SWRO	 membrane	
fouling.	 The	 potential	 of	 enzyme-producing	 bacteria	 that	 degrade	 biofilms	 in	 the	 marine	




xanthine	 oxidase	 enzyme	 was	 identified	 from	 Bacillus	 species	 (Sharma	 et	 al.	 2016).	 This	






it	 is	clear	 that	 future	research	requires	a	better	understanding	of	 the	ecology,	community	
profile	 and	physiological	 characteristics	of	 the	microbial	 flora	 that	 inhabit	 and	 survive	 the	
extreme	 environments	 within	 the	 desalination	 plant,	 throughout	 the	 life	 span	 of	 the	 RO	
membranes.		Most	microbiological	investigations	are	based	on	membranes	fouled	in	bench-
scale	or	in	small	side	stream	systems	diverted	from	the	full-scale	plant.	This	is	mostly	due	to	
the	 difficulty	 in	 procuring	 samples	 from	 a	 fully	 operational	 plant.	 Moreover,	 most	
experiments	use	membranes	that	have	been	fouled	over	a	short	span	of	time	by	a	 limited	











exopolysaccharides	 Characterization	 of	 polysaccharides	may	 provide	 valuable	 information	
on	the	nature	of	these	biofilms	and	aid	in	designing	control	measures	directed	at	targeting	
the	specific	key	polysaccharides.	Control	experiments	to	alleviate	fouling	have	been	mostly	
directed	 at	 bacterial	 cells	 and	 polysaccharides	 have	 been	 ignored	 to	 a	 large	 extent.	
Moreover,	 most	 of	 the	 chemicals	 investigated	 in	 previous	 studies	 have	 been	 tested	 on	




To	 fill	 the	 gaps	mentioned	 above,	 an	 extensive	 body	 of	work	was	 carried	 out	 recently	 to	
investigate	 fouling	 in	 a	 full-scale	 desalination	 plant	 by	 bacteria	 and	 their	 extracellular	
polysaccharides.	 The	 study	 is	 comprised	 of	 different	 but	 related	 aspects	 of	 the	 research.	
Initially,	bacterial	communities	on	RO	membrane	surfaces	of	a	full-scale	desalination	plant	
were	explored	by	16S	rRNA	gene	metabarcoding	(Nagaraj	et	al.	2017a).	It	was	evident	that	
certain	 bacterial	 groups	 such	 as	 Caulobacterales,	 glycosphingolipid-producing	 bacteria,	









characterized	 and	 it	 was	 reported	 that	 they	 all	 are	 comprised	 of	 specific	 sugars	 such	 as	
fucose,	rhamnose	and	uronic	acids	that	may	impart	stronger	structural	integrity	(Nagaraj	et	
al.	 2017b).	 Free	 radical	 generating	 compounds,	 which	 included	 SNP,	 a	 NO	 donor,	 and	
xanthine	 oxidase	 were	 successfully	 used	 for	 control	 of	 biofilms	 by	 polysaccharide	
degradation	on	 industrially	 fouled	membranes	 in	bench-scale	experiments	 (Nagaraja	et	al.	
2017).	As	commercial	xanthine	oxidase	is	expensive	and	not	feasible	to	use	on	a	large-scale,	
the	 possibility	 of	 using	 bacteria	 that	 naturally	 produce	 the	 enzyme,	 was	 explored	 by	 a	
screening	 assay.	 Exiguobacterium	 from	 sand	 filters	 and	 Microbacterium	 from	 RO	
membranes	exhibited	significant	levels	of	enzyme	production	(Nagaraj	et	al.	2017c).	
The	aforementioned	research	led	to	novel	and	significant	findings	about	different	aspects	of	
SWRO	membrane	biofouling	and	 control.	However,	 there	are	a	 few	gaps,	which	have	 the	
potential	 for	 future	 research	 to	 be	 directed	 towards	 developing	 better	 control	 strategies.	
These	may	be	controlling	access	 to	 the	 feed	end	of	membrane	units	by	specific	groups	of	
bacteria,	 such	 as	 primary	 colonisers,	 better	 pre-treatment	 methods	 designed	 to	 control	
bacterial	 groups	 prevalent	 in	 the	 seawater	 bacterial	 community	 characteristic	 of	 the	
geographic	 location,	 or	 alleviation	 of	 fouling	 by	 breaking	 down	 key	 components	 of	
polysaccharides	 that	 appear	 to	be	 crucial	 for	biofouling.	Other	possible	 strategies	 such	as	
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Characterisation and comparison of bacterial communities on
reverse osmosis membranes of a full-scale desalination plant by
bacterial 16S rRNA gene metabarcoding
Veena Nagaraj 1, Lucy Skillman1, Goen Ho1, Dan Li1 and Alexander Gofton2
Microbiomes of full-scale seawater reverse osmosis membranes are complex and subject to variation within and between
membrane units. The pre-existing bacterial communities of unused membranes before operation have been largely ignored in
biofouling studies. This study is novel as unused membranes were used as a critical benchmark for comparison. Fouled seawater
reverse osmosis membrane biofilm communities from an array of autopsied membrane samples, following a 7-year operational life-
span in a full-scale desalination plant in Western Australia, were characterised by 16S rRNA gene metabarcoding using the bacterial
primers 515F and 806R. Communities were then compared based on fouling severity and sampling location. Microbiomes of
proteobacterial predominance were detected on control unused membranes. However, fouled membrane communities differed
significantly from those on unused membranes, reflecting that operational conditions select specific bacteria on the membrane
surface. On fouled membranes, Proteobacteria were also predominant but families differed from those on unused membranes,
followed by Bacteriodetes and Firmicutes. Betaproteobacteria correlated with stable, mature and thick biofilms such as those in
severely fouled membranes or samples from the feed end of the membrane unit, while Alpha and Gammaproteobacteria were
predominantly found in biofilms on fouled but visually clean, and moderately fouled samples or those from reject ends of
membrane units. Gammaproteobacteria predominated the thin, compact biofilms at the mid-feed end of membrane units. The
study also supported the importance of Caulobacterales and glycosphingolipid-producing bacteria, namely Sphingomonadales,
Rhizobiales and Sphingobacteriia, in primary attachment and biofilm recalcitrance. Nitrate-and-nitrite-reducing bacteria such as
Rhizobiales, Burkholderiales and some Pseudomonadales were also prevalent across all fouled membranes and appeared to be
critical for ecological balance and biofilm maturation.
npj Biofilms and Microbiomes  (2017) 3:13  ; doi:10.1038/s41522-017-0021-6
INTRODUCTION
Bacteria exist as communities in biofilms of engineered systems
such as desalination plants, incurring huge economic losses.
Conditions on seawater reverse osmosis (SWRO) membrane
surfaces select not just the most resistant organisms with superior
attachment and biofilm forming abilities, but also an entire
community that undergoes dynamic shifts in populations based
on oxygen, nutrients and salt concentrations at different locations
along the entire unit.1 The biofilm community may be described
as diverse groups of colonists, with each group possessing a
different set of skills and interacting rather than competing with
each other to bring about an end result of resistant, mature
biofilms that are almost impossible to dislodge. It is still not well
understood where these bacteria originate from and how they
access, attach and grow on membranes despite rigorous pre-
filtration steps and regular cleaning procedures. To design
efficient control measures, it is important to better understand
how physiology and behaviour of predominant bacterial groups
contribute to formation of recalcitrant biofilms under harsh
conditions within desalination plants.
To date no 16S rRNA gene metabarcoding studies have been
published on characterisation of aged, mature biofilm
communities from various locations within full-scale SWRO
membrane units after completion of their life-span. However, a
handful of published studies conducted on membranes of full-
scale desalination plants involved younger biofilms aged 1 year or
less.2, 3 The long life-span (>7 years) of SWRO membranes in full-
scale systems, and difficulty of access to sealed membrane units
and sampling from an operational plant are the likely reasons for
only a few studies. Biofouling has been known to occur within the
first few hours of starting the SWRO operation.4, 5 As most
manufacturing processes are not sterile, it is not known if
biofouling organisms inhabit membrane surfaces prior to opera-
tion. Bacterial populations on unused membranes are critical
benchmarks for comparison with populations on fouled SWRO
membranes. Studies on bacterial communities colonising clean
membrane surfaces prior to their use in the full-scale plant have
not been published to date.
The objectives of our study were to characterise and compare
bacterial communities on SWRO membranes procured from a full-
scale desalination plant in Western Australia. Membranes were
obtained from the plant at the end of their functional life of 6 to 7
years, when SWRO units were being replaced by new membrane
units. In order to better understand variations in microbial
community ecology, fouled membrane samples were grouped
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into different categories, namely, a) severity of fouling; and
b) membrane location along the course of the unit. Bacterial
communities on unused membranes were also compared to those
of differing fouling severity. Communities were also compared to
understand how operational conditions affect ecological balance
along the course of membrane units from the feed end to the
reject end. The above comparison was necessary to establish the
choice of best model sampling sites for future studies to ensure
that the sample biofilm community was a good representation of
the entire microbial community in the plant.
This study presents interesting findings about the membrane
biofilms, their major bacterial groups and the changes in the
composition of the groups which reflect the ecological shifts in
the biofouling community of full-scale SWRO membranes.
Variations in bacterial diversity at different locations within each
SWRO unit also reveals bacterial adaptation to changes in
permeate flux, feed-water flow and salt rejection rates.
RESULTS
The results of the preliminary study that included analysis of
bacterial communities in source water and polished seawater are
presented in Fig. 1. The bacterial community of feed-water
comprised of a high proportion of Flavobacteriaceae, Firmicutes
and Pseudomonadaceae, while the polished seawater was high in
the abundance of Actinobacteria, Alteromonadaceae and Rhodo-
bacteriaceae (Fig. 1).
Biomass volume and biofilm depth
Biofilms on the unused RO membranes were the thinnest among
all membrane biofilms, as expected; however, their biomass
volume was higher than that of the fouled but visually clean
membranes. The average biomass volume (µm3) varied between
membranes, depending on the severity of fouling (Fig. 2). Among
fouled membranes, the moderately fouled membranes had a low
biofilm depth in relation to their relatively higher biomass volume,
suggesting that biofilms were more dense/compact compared to
the clean and severely fouled membranes. The average biomass
volume of feed, middle and reject end of membranes was 4.44 ±
2.40 µm3 each, and that of the mid-feed region was 3.86 ± 1.91
µm3. The average biofilm depth of the feed, mid-feed, middle
and reject end of membranes were recorded as 63.7 ± 15 µm,
36.0 ± 8 µm, 47 ± 9 µm and 58.6 ± 18 µm, respectively. Biofilms
were thinnest and most compact at the mid-feed end, increasing
in thickness towards the middle region of the membranes.
DNA extraction and NGS metrics
The most important prerequisite for community diversity profiling
using DNA-based sequencing methods is sufficient high quality
DNA. The DNA extraction method using the PowerSoil® DNA
Isolation Kit (MO BIO, Qiagen) resulted in low yields of DNA
ranging from 0 to 8 ng/μL. The modified phenol-chloroform
extraction method resulted in effective DNA extraction from all
samples with quantities ranging from 32 to 250 ng/μL. The UV
absorption peaks at A260/280 ranged from 1.58 to 1.76 and
indicated that the method generated relatively clean DNA. The
yield of DNA for all membrane samples are presented in Table 1
and the number of OTUs sequenced, in relation to their biofilm-
biomass are presented in Fig. 3.
The total number of OTUs sequenced from the membrane
samples of varying severity of fouling was directly proportional to
their biomass volume, with a range of 51–263K, 96–473K and
134–571K OTUs from clean, moderately fouled and severely fouled
membranes, respectively (Fig. 3). Amplification of DNA from the
middle or reject end of clean membranes (n = 6/22) resulted in the
lowest number of sequences in the range 51–113K. Clean
membrane samples from the feed end (14) and mid-feed end
(14MIDF) (n = 2/22) yielded a higher number of OTUs in the range
233–263K, which may be due to a greater biofilm thickness
compared to the middle and reject ends (Fig. 3). Moderately
fouled membrane samples (n = 3/22) yielded a wide range of
OTUs (96–473K). They were all sampled from the feed end. As
expected, the feed end samples of severely fouled membranes
(9A, 9C) yielded the highest number of OTUs (498–571K)
compared to the number of OTUs recovered from feed end
samples of clean and moderately fouled membranes. The control
unused membranes yielded a relatively high number of OTUs
ranging from 246–459K in relation to their biomass volume.
To check if each sample was sequenced with sufficient depth to
reliably determine the entire microbial community of each sample,
alphararefaction was calculated based on alpha diversity. All samples
including the control unused membranes showed a plateau indicating
that the sequencing depth was sufficient to represent the diversity of
all genera present in the samples (Supplementary Fig. 1).
Upon comparison of the abundance of major taxa present on
individual membrane samples of the unused (CA, CB, CC) and the
fouled membrane (9A, 9B, 9C) control groups, it was evident that
there was minimal variation between replicate samples within the
groups (Fig. 4). This suggested the similarity in bacterial
community structure between replicate samples that belonged
to the same membrane. Rhizobiales, Burkholderiales and Pseudo-
monadales were among the most abundant in the unused control
membrane group while Burkholderiales were the most abundant
in the fouled membrane sample replicates.
In the jackknifed PCoA analysis, bacterial communities from
replicate samples of unused membranes (CA, CB, CC) clustered
together. Similarly, replicates of severely fouled membranes (9A, 9B,
9C) clustered close to each other (Fig. 5a). This indicated that the
replicate extracts were most closely related to each other, suggesting
sufficient quantities of DNA were recovered from each sample to
effectively represent the membrane biofilm community. It also
suggested that the replicates from different sections of the same
membrane were the same, thus validating the sampling approach.
Comparison of bacterial communities between unused
membranes and fouled membranes with differing severity of
fouling
The abundance of major bacterial taxa, calculated as a percentage
per unit of biofilm-biomass volume are compared in Fig. 6, and
the actual abundance of taxonomic groups, are presented as
Krona plots6 in Supplementary Fig. 2. There were key similarities
and differences between communities of unused and fouled
membranes (Fig. 6). At the phylum level, both unused and all
categories of fouled membranes were dominated by Proteobac-
teria. However, there was an increased abundance of Bacteriodetes
in fouled membranes (n = 11/14) compared to unused samples
(n = 3/14). Among the Proteobacteria, Alpha and Betaproteobac-
teria were the most abundant in the clean membranes (n = 5/14)
(Fig. 6b). The Betaproteobacteria, were almost entirely Burkholder-
iales, which also were dominant members of severely fouled
membranes (n = 4/14) (Fig. 6d), while the Gammaproteobacteria
dominated the bacterial community in unused (n = 3/14) and
moderately fouled membranes (n = 2/14) (Fig. 6a, c). Within the
Bacteriodetes phylum, Sphingobacteriia were of highest abundance
in both clean membranes and severely fouled membranes
(Fig. 6b, d). However, on the moderately fouled membranes, the
population of Flavobacteriia increased to equal the abundance of
Sphingobacteriia within the phylum (Fig. 6c).
With respect to the actual abundance, Ochrobactrum (21%) was
the most abundant genus followed by Pseudomonas (18%), Delftia
(13%) and Stenotrophomonas (10%) in the unused membranes
(Supplementary Fig. 2a). Among these, Pseudomonas was also
common to all fouled membrane samples (Supplementary Fig. 2b,
c, d). The genera Caulobacter, Undibacterium, Sphingobacter,
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Fig. 1 MEGAN cladogram representing the bacterial community composition of feed-water (green dots) and polished seawater (blue dots) from
the Perth Seawater Desalination Plant. The underlined taxa represent bacterial orders that were present in the RO-membrane biofilm
community
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Sphingopyxis and Pedobacter were abundant among the bacterial
communities in the fouled membranes, but were detected at very
low levels in the unused membranes. Members of Enterobacter-
iaceae, namely Escherichia/Shigella were present up to an
abundance of 5% in the unused membranes.
Comparison of bacterial communities according to membrane
location
The key similarities and differences between bacterial commu-
nities of various membrane locations are presented in Fig. 7.
Phylum distribution was similar across all locations, with
Fig. 2 Reconstructed CSLM images of live/dead-cell-stained biofilms on the unused control RO membranes - Biomass volume 3.15 ± 0.06
µm3 and Biofilm depth 30 ± 2 µm (a); clean RO membranes - Biomass volume 2.72 ± 0.28 µm3 and Biofilm depth 62 ± 22 µm (b);
moderately fouled RO membranes - Biomass volume 4.04 ± 0.49 µm3 and Biofilm depth 51 ± 21 µm (c); and severely fouled RO membranes
- Biomass volume 6.16 ± 3.35 µm3 and Biofilm depth 64 ± 16 µm (d)
Table 1. Classification of membrane samples, yield of DNA and total number of OTUs per sample
Sample ID Condition Location Extraction replication Yield of DNA (ng/µL) Total number of OTUs
14 Clean Feed end 104.3 263012
14MID Clean Middle 102.4 78457
14MIDF Clean Mid-feed end 46.1 232817
14MIDFb Clean Mid-feed end 220.4 102199
14NF Clean Reject end 170.1 90239
3-2TF Clean 136 112542
4-2TF Clean 94.3 89422
6-4TF Clean 74.4 51237
10-2BF Average (moderately fouled) 249.6 472899
11-2BF Average (moderately fouled) 74.5 245562
2-1TF Average (moderately fouled) 174.2 95910
1-1TF Dirty (severely fouled) 148.7 133766
8-1BF Dirty (severely fouled) 49.7 180978
9A Dirty (severely fouled) Feed end Fouled membrane 52.2 570673
9B Dirty (severely fouled) Fouled membrane 52.9 184556
9C Dirty (severely fouled) Fouled membrane 154.7 498320
9MID Dirty (severely fouled) Middle 179.5 216617
9MIDF Dirty (severely fouled) Mid-feed end 136.5 208750
9NF Dirty (severely fouled) Reject end 95.3 229328
CA Unused Control 30.9 395766
CB Unused Control 38.3 245542
CC Unused Control 62.1 459179
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proteobacterial sequences being the most abundant, followed by
Bacteriodetes. Among the Proteobacteria, Betaproteobacteria, com-
prising entirely Burkholderiales, dominated at the feed end (n = 2/
9) and middle of the membranes (n = 2/9) (Fig. 7a, c), while
Gammaproteobacteria dominated the mid-feed (n = 3/9) end (Fig.
7b). Alphaproteobacteria were the most abundant at the reject end
(n = 2/9) of the membranes (Fig. 7d). Among the Bacteriodetes,
Sphingobacteriia dominated all locations while Flavobacteriia were
also evident at a high abundance along with Sphingobacteriia in
the mid-feed end of the membranes.
Bacterial community alpha diversity estimates of bacterial
communities on SWRO membranes
Alpha diversity is a measure of the mean species diversity of
bacteria within each sample. The abundance and evenness or
distribution of genera was evaluated using the Shannon–Wiener
index H′ (Table 2; Supplementary Figures 3a, 4a, 5a), while the
species richness of communities was calculated using the Chao1
index (Table 2; Supplementary Figures 3b, 4b, 5b).
The Shannon diversity of extraction replicates within each of
the unused (control) and the fouled membrane groups were
similar, but there was a significant difference between species
richness measured using the Chao1 index, with unused mem-
branes having a much lower species richness than fouled
membranes (Table 2).
As expected, bacterial alpha diversity was lowest in the unused
membranes measured by the Shannon–Wiener index H1, while
the clean, moderately fouled and severely fouled membranes had
similar diversities (Table 2). Species richness was highest in the
moderately fouled membranes and lowest in unused membranes.
However, the clean and severely fouled membranes exhibited
similar values of species richness. There was a significant
difference between the species richness of unused and severely
fouled membranes (p < 0.05) (Supplementary Table 1b).
The diversity (Shannon–Wiener H1-index) of bacterial commu-
nities was similar in membrane samples from the feed, mid-feed
end, middle and non-feed/reject end of the membranes (Table 2)
with no significant differences between them (Supplementary
Fig. 3 Linear regression graph of the total number of OTUs sequenced from the clean (green), moderately fouled (yellow), severely fouled (red),
and unused control RO membranes (blue), against the average biofilm-biomass of the corresponding groups of membranes. The vertical blue
dotted lines separate the different classifications of membranes
Fig. 4 Abundance of major taxonomic orders (%) per unit biomass volume of RO-membrane-biofilm in replicate samples of unused control
membranes (a) and fouled membranes (b) Error bars represent percent SE
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Table 1a). Species richness was highest at the feed end of
membranes, followed by the mid-feed location, reject end and
middle of membranes (Table 2). However, the differences in
species richness were not significant (Supplementary Table 1b).
Bacterial community beta diversity estimates of reverse osmosis
membranes
Communities from unused membranes clustered close to each
other but were well separated from communities of fouled
membranes (Fig. 5b) with no overlaps between clusters of unused
and fouled membranes in the jackknifed PCoA. The sampling
number and depth was effective in representing the whole group
of unused membranes, possibly due to the relatively smaller
bacterial community inhabiting the unused membrane surface.
Among fouled membranes, bacterial communities from the
severely fouled (dirty) membranes were more closely clustered
with each other while communities from the moderately fouled
(average) and the clean membranes were more widely spread. The
only exception in the spread of bacterial communities from the
clean membranes was 14 Clean and 3-2TF Clean, which had
overlapping regions in the PCoA. There were also overlaps
between the bacterial communities of the dirty membrane 1-
1TF and clean membrane 6-4TF (Fig. 5b), indicating that bacterial
communities on these membranes with varying severity of fouling
were closely related to each other and shared common genera.
There was no significant difference between their diversities (p >
0.05).
In addition to sampling several membrane units (14), additional
samples were taken from different locations of two membranes,
one quite clean (14s) and one severely fouled (9s) (Table 1).
Bacterial communities from clean samples of the mid-feed region
(14MIDFb, 14MIDF) clustered together with overlaps. They were
the most distant from all other communities indicating they were
distinct from the other bacterial populations. Communities of the
dirty membrane sample (9MIDF) and clean sample (14-Feed), both
from the feed end also clustered closely exhibiting overlaps.
Bacterial communities from all other membrane samples, assigned
to the treatment group of sampling location, did not form clusters
and were more widely spread (Fig. 5c). There were significant
differences between the beta diversity of bacterial populations
between different regions of the membranes (p = 0.052).
The UPGMA dendrogram (Supplementary Fig. 6), generated
from the jackknifed PCoA matrices, illustrates the relatedness of
the bacterial composition measured in weighted unifrac distances
between samples. The unused control membranes (CA, CB, CC)
originated from a common node and clustered close to each
other. Similarly, mid-feed end communities of clean membranes
(14MIDF, 14MIDFb) were closely related to each other and had the
longest branching lengths in the dendrogram indicating the
bacterial community diversity of these organisms being distinct
from others. The dendrogram results support the beta diversity
PCoA in Fig. 5.
DISCUSSION
Fourteen membrane units were autopsied and 16S rRNA gene
metabarcoding completed to analyse similarities and differences
in the microbial communities. The limiting factor in most biofilm
studies is access to a large number of samples from an operational
full-scale plant, and duration of their use. It is of importance to
study samples that are good models of industrial-scale fouling, in
order to better understand the effects of pre-treatment and to
design effective methods for prevention and alleviation of
biofouling. The present study was novel because of the wide
range of membrane samples selected from a full-scale desalina-
tion plant, after completion of their functional life-span of 7 years.
Seawater bacterial community
The bacterial community on RO-membrane biofilms represents a
smaller proportion of the bacterial community in seawater. The
operational conditions of the plant are likely to favour the
selection of a subset of seawater bacteria, which begin their
journey from the oligotrophic seawater environment through the
pre-filtration steps to carve their niches in the high pressure hyper
saline environment on the membranes.
In a closely related pyrosequencing study,7 the bacterial
community of seawater (Fig. 1), pre-filters and RO membranes
from a single unit of the Perth Seawater Desalination Plant were
analysed. Many similarities in bacterial families across source
water, and membranes were observed, despite disparate
locations and seasons. Some of these were Bacteroidetes (e.g.,
Flavobacteriaceae), Alphaproteobacteria (e.g., Rhodobacteraceae,
Fig. 5 Jackknifed PCoA analysis using weighted Unifrac distances of bacterial communities in the extraction replicates of control and fouled
RO membranes (a); unused, clean, moderately fouled (average) and severely fouled (dirty) RO membranes (b); feed, mid-feed, middle and
reject end of RO membranes (c)
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Sphingomonadales), Betaproteobacteria (e.g., Burkholderia) and
Gammaproteobacteria (e.g., Oceanospirillales, Xanthomonadaceae).
There were seasonal variations in the seawater bacterial composi-
tion with Rhodobacteriales and Alteromonodales prevalent during
winter and Enterobacteriaceae and Burkholderiales during summer.
The predominant bacterial groups found on RO membranes in the
present study were also common to the aforementioned seawater
bacterial community, and appear to reflect a source water origin.
There are difficulties in determining the complete range of
microorganisms in seawater, because of their very low concentra-
tions. Even triplicate 3 L sample volumes, used in our study may
not have been adequately representative of the entire seawater
bacterial community diversity. Besides, the filtration of seawater is
likely to have artificially selected the organisms that were unable
to penetrate a 0.2 µm pore size. Despite the above difficulties, the
outcome of the previous study provided valuable qualitative
information about the presence of common bacterial groups,
particularly the predominant populations such as Alteromonadales
and Rhodobacterales (Fig. 1) strongly suggested a seawater origin
of the RO-membrane biofilm bacteria. However, comparative
quantification and diversity analysis of the seawater bacterial
community and the RO-membrane bacterial community was not
possible due to the difference in methods between the two
studies.
The coastal waters of southern Western Australia are oligo-
trophic8 in nature with sediments being composed of mainly
carbonate sand. The marine water microbes associated with
carbonate-rich coastal regions are Enterobacteriaceae, Pseudomo-
nadales, Rhodobacterales, Caulobacterales, Sphingomonadaceae,
Burkholderiales and Flavobacterales.9 These bacterial groups were
abundant in the membrane biofilm communities, as per our
findings, reflecting the ecological influence of surrounding waters.
Cockburn Sound, the feed-water intake site of PSDP, is
inhabited by abundant seagrass meadows, a significant reservoir
of nitrates.10 In Western Australian waters, Posidonia genus of
seagrass are common; they are known to shed their leaves every
2 months as a survival strategy to prevent surface coverage by
calcareous algae. Besides, the periodic shedding of their large
pollen grains result in the accumulation of a considerable amount
of organic matter in the form of seagrass detritus. In oligotrophic
marine environments, seagrass detritus, owing to their low
nutrient content are known to form a major source of carbon
for denitrifying bacteria, resulting in a high abundance of nitrate-
and-nitrite reducers in the seawater.11 The above ecological
factors are likely to be the reason for a significant proportion of
the RO-membrane biofilm community being constituted by
nitrate-and-nitrite-reducing bacteria.
Membrane sampling, biofilm structure, NGS metrics and
associated bacterial communities
Membrane fouling is a progressive phenomenon that develops
over a period of time, under continuous flowing-water conditions.
Initially, the primary colonisers which are transported along the
feed-water or endogenously present on the membrane, adhere to
the membrane surface. They form the confluent, sticky and
irreversibly attached base layer of the biofilm on the membrane
surface. As the biofilm matures, secondary colonisers inhabit the
membrane surface, adding to the complexity and thickness of the
biofilms. The biofilm structure varies between different areas of
membranes, depending on how the external factors such as shear
Fig. 6 Abundance of major bacterial taxa (%) per unit biomass volume of RO-membrane-biofilm, present in the unused (a), clean (b),
moderately fouled (c) and severely fouled (d) RO membranes. Error bars represent percent SE
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force, salt concentration, pressure changes, permeate flux etc.
affect the balance between primary and secondary colonisers.
The high numbers of OTUs sequenced from the unused
membranes, in relation to their low biomass volume, was
unexpected (Fig. 3). The unused membranes were subjected to
test runs under flowing water for only short periods, before
storage. This may have facilitated the colonisation of membrane
surface by water-associated bacteria, and formation of thinner
young biofilms made up of mostly bacterial cells and less EPS
matrix, contributing to the biomass. Therefore, amplification of
DNA from the unused membranes is likely to have recovered a
higher number of bacterial OTUs compared to the fouled
membranes with a thicker biofilm matrix that possibly interferes
with DNA extraction. The large variation in the number of OTUs
recovered from the moderately fouled membranes (Fig. 3) was
likely due to the presence of thicker (>60 µm) and more
heterogeneous biofilms at the feed end from where they were
sampled.
The predominant bacterial groups found in our study are
known to possess unique physiological properties that are likely to
position them favourably in the SWRO environment. Alpha and
Gammaproteobacteria, along with Sphingobacteriia are the major
primary colonisers, while Betaproteobacteria play a significant role
as secondary colonisers. Caulobacterales was a key group of
primary colonisers in our fouled membrane samples (12–16%) and
unused membranes to a lesser extent (8%). These bacteria are
unique due to their strong prosthecate attachment and alternat-
ing motile and sessile developmental stages.12 Their stalk cells
anchor irreversibly to membrane surfaces via a polysaccharide-
based holdfast, also described as the ‘strongest biological
adhesion molecule’ or ‘bacterial superglue’12 and spread rapidly
to form a confluent monolayer or multi-cellular mushroom like
structures. The second type of cells known as swarmer cells
migrate in search of nutrients and colonise new surfaces.12
Compared to most previous studies on desalination systems, our
findings differ with respect to the predominance of Caulobacter-
ales, suggesting their prevalence in feed-water, characteristic of
Western Australian coasts.
Fig. 7 Abundance of major bacterial taxa (%) per unit biomass volume of RO-membrane-biofilm, present in the feed (a), mid-feed (b), middle
(c) and reject (d) end of the membranes. Error bars represent percent SE
Table 2. Diversity indices in different matrices among treatment
groups of membranes
Treatment Shannon–Wiener index H′ Chao1 index S
Extraction replication
Unused control 3.68 ± 0.23 228.39 ± 21.44
Fouled membrane 3.83 ± 0.1 397.25 ± 20.55
Condition
Moderately fouled 4.62 ± 0.2 406.9 ± 41.99
Clean 4.35 ± 0.31 321.37 ± 83.4
Severely fouled 4.06 ± 0.36 365.66 ± 20.71
Unused 3.67 ± 0.23 228.39 ± 21.44
Membrane location
Feed 4.03 ± 0.15 427.97± 46.62
Mid-feed 4.17 ± 0.4 423.55 ± 46.1
Mid 4.04 ± 0 321.73 ± 30.79
Non-feed/reject 4.41 ± 0.29 407.54 ± 29.06
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Bacteria that produce glycosphingolipids (GSL), namely Sphin-
gomonadales, Rhizobiales and Sphingobacteriia also constituted a
substantial portion (>25%) of the biofilm community across all
membrane samples, suggesting their crucial role in membrane
biofouling. The sticky extracellular biopolymers produced by these
groups, e.g., sphingans and gellans protect bacteria from adverse
environmental conditions such as extreme pH, temperature,
salinity and high pressure.13–16 Large amounts of glucuronic acid
in the gellans of sphingomonads have a major role in intercellular
bridging and also bridging between bacterial cells and membrane
surface, thus protecting them from high flow and pressure.17 GSL
have been only recently identified as important in the biofouling
of RO membranes.17, 18 They form the base of biofilm matrices,19
contribute significantly to the cohesive strength of biofouling
layers on RO membranes20 and form particularly rigid layers on
polyamide surfaces.18 GSL and other EPS of sphingomonads have
superior attachment efficiency on model polyamide surfaces. They
condition RO-membrane surfaces by increasing hydrophobicity.19
Our study on the full-scale plant supports recent conclusions
about the importance of GSL-producing bacteria in membrane
fouling in a laboratory-scale RO desalination system using tertiary-
treated wastewater as feed.21
Nitrate-and-nitrite-reducing bacteria appeared to play a critical
role as secondary colonisers. Rhizobiales, Burkholderiales and some
members of Pseudomonadales are able to reduce nitrates and
nitrites, which makes them metabolically versatile under both
aerobic and anaerobic conditions.21 Of these, Burkholderiales
migrate in aggregates and form tower-like structures on the top
layer of biofilms.19 A high abundance of Burkholderiales correlated
with an increased biofilm thickness in our study and other
previous studies.19 The co-existence of these groups, alongside
strict aerobes such as Alteromonadales may help to maintain the
ecological balance and maintain optimal substrate utilisation for
survival in the harsh SWRO membrane environment.
Pseudomonas, a predominant member on both the unused and
fouled membranes (11–18%) (Fig. 6, Supplementary Fig. 2)
suggested a feed-water origin and resistance to operational
conditions. Pseudomonas has been recently identified as one of
the major RO-membrane biofoulants in a large-scale desalination
plant.22 Some Pseudomonas produce sticky exopolysaccharides
like alginate, which favour their attachment to membrane
surfaces.23 Pseudomonadales also migrate in aggregates of
bacterial cells clumped together in an EPS matrix, which enables
them to persist as secondary colonisers in a mature biofilm.19
Many Pseudomonadales degrade organic molecules into inorganic
substances which may enable them to utilise the metabolic
products of initial colonising bacteria. The prevalence on the
SWRO membranes described here may reflect their ability to
establish and persist as both primary and secondary colonisers.
Xanthomonads are known to possess superior attachment
capabilities in flowing-water conditionss24 owing to the presence
of surface structures such as type IV pili25 in their outer
membranes. The genus Stenotrophomonas, which was highly
prevalent (10%) on the unused membranes (Supplementary Fig.
2a), is a nitrate-reducer which is an important criterion in biofilm
development.26
Unused membranes. The control unused membranes were
invaluable to examine the source of biofouling bacteria and
determine whether they originated from upstream feed-water
sources or from resident bacteria on the membranes themselves.
The fresh polyamide membrane surfaces of the unused mem-
branes can be rapidly conditioned by organic nutrients and
polymeric substances. The manufacturing stage of RO membranes
does not implement sterile practices. Furthermore, the saline
water used for testing is unlikely to be sterile. Hence, it can be
expected that Proteobacteria, which are ubiquitously found in
nature, may be prevalent on the unused and fouled membranes
as just inhabitants of the membrane surface initially. The water-
associated bacteria, e.g., Enterobacteriaceae were also detected on
the unused membranes. Operational conditions in the plant may
then select only those organisms that survive in the dynamic
SWRO environment. To better understand the role of prevalent
bacteria in biofouling, we analysed the community composition of
fouled and unused membranes with respect to bacterial
physiological characteristics and morphological features that
may determine their relative abundance in various membranes.
The predominance of primary colonisers such as Alpha and
Gammaproteobacteria (Fig. 6) that possess superior attachment
and adhesion capabilities,27 on the unused membranes was
reflected by their low biofilm thickness (~30 µm) and biomass
volume, in comparison to that of the fouled membranes. This
indicated the presence of younger, thin biofilms on the unused
membrane surfaces.
Prevalent orders among the Gammaproteobacteria on unused
membranes were Pseudomonadales and Xanthomonadales, the
fouling properties of which have been described above. It was an
interesting finding that Escherichia/Shigella were present at 5%
abundance (Supplementary Fig. 2a) on the unused membranes.
These are likely to have originated from either the surface water
used for testing or contamination during manufacture. In our
preliminary pyrosequencing study,7 a high abundance of Enter-
obacteriaceae, which included Escherichia, was recorded in
cartridge filter samples, perhaps suggesting a feed-water origin.
Seawater has been suggested as the relevant reservoir of E.coli
strains adapted to marine environments.28
There is no continuous water flow to bring about the deposition
of further nutrients and bacteria on the unused membranes. The
conditions of limited oxygen and organic carbon sources, that
occur on unused membranes, are reflected by a high abundance
of the GSL-producing and nitrate-and-nitrite-reducing Rhizobiales
(24%), particularly members of the genus Ochrobactrum (21%).
The least prevalent class on the unused membranes were
Betaproteobacteria, mainly Burkholderiales. These are usually
considered to be secondary colonisers but in this study were
evident before operational use. It was an important observation
that the relative abundance of the nitrate-and-nitrite-reducing
bacterial groups was the highest on unused membranes (>50%),
reflecting the limited nutrient availability and anaerobic condi-
tions on the unused membranes within the sealed units, before
operational use.
The unused control membranes hosted bacterial communities
that were not only significantly different from those of fouled
membranes but also the least diverse, due to the predominance of
only Proteobacteria. The fouled-membrane environment selected
for bacteria that were resistant to operational conditions, hence a
higher diversity was observed. There was a significant difference
in species richness between severely fouled and unused
membranes.
Fouled membranes. Bacterial communities on fouled membranes
represented stable, mature biofilms formed over a period of 6 to 7
years under continuous high velocity of water flow, high pressure
and salinity. These conditions are likely to select specific
populations able to withstand these adverse conditions and reach
a balanced and coordinated multi-species community. Compared
to unused membranes, the proteobacterial abundance was lower
and the Bacteriodetes (mostly Sphingobacteriia and Flavobacteriia)
abundance was higher per unit of biomass volume. This
corresponds with a drop in strictly anaerobic bacteria and an
increase in the proportion of GSL producers which may be more
halophilic. The gliding motility of Sphingobacteriia and Flavobac-
teriia29 enables them to move and colonise the rough surface of
membranes, position themselves and proliferate at optimal levels
of oxygen, carbon source, temperature, light intensity, salinity,
pressure and shear force resulting in their high prevalence on the
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fouled membrane biofilms. The SWRO membrane surface may
have favoured the selection of GSL-producing bacteria due to the
constant nutrient supply of adhered polymers. The high pressure
and flow rate may also facilitate the fast-spreading nature of
Sphingomonadales in a monolayer, providing larger surface
contact area and hence better access to nutrients which
accumulate at interfaces such as the membrane surface and from
neighbouring bacteria. The fouled membranes harboured Rhizo-
biales, perhaps due to their superior ability to survive under anoxic
conditions. There was also an increase in the relative abundance
of Caulobacteriales on fouled membranes (7–18%) compared to
the unused membrane biofilms (7.7%) per unit of biomass volume.
As loosely attached bacteria would tend to be removed from the
membrane surface by the high flow/shear, primary colonisers
must be permanently and irreversibly attached to the membrane
surface. The holdfast of Caulobacteriales, may have enabled their
stalk cells to anchor themselves permanently on membranes while
swarmer cells may have migrated along flowing seawater and
proliferated rapidly to inhabit fresh surfaces, thus increasing their
abundance.
Betaproteobacteria, comprising of mostly Burkholderiales, were
also more relatively abundant on the fouled membranes (up to 30
%) compared to unused membranes (24%). Burkholderiales,
previously described as a major component of RO-membrane
biofilms30 are known to migrate as free-floating aggregates of
bacterial cells embedded in their EPS matrix31 and possibly
originate from detached portions of biofilms from upstream
locations such as cartridge filters or water pipes.
On the clean membranes, the biofilm thickness was close to
that of severely fouled membranes (~ 60 µm). Conditions on clean
membranes selected for primary colonisers due to insufficient
nutrients to support secondary colonisers, or by failure of
secondary colonisers to efficiently reach and colonise the surface.
The higher relative abundance of Caulobacterales and GSL-
producing bacteria together (45%) on the clean membranes
may be due to their superior attachment capabilities and
production of large amounts of EPS which enable them to survive
the stress of shear force, high salinity, pressure and nutrient
depletion. Clean membranes may have been exposed to higher
shear forces leading to washing away of loosely attached
secondary colonisers resulting in less compact biofilms with low
biomass volume (Fig. 2), but of similar thickness as severely fouled
membranes. Burkholderiales, being one of the most abundant
orders on clean membranes (Fig. 6b), suggested the presence of
secondary colonisers as part of loosely attached or partially
dispersed biofilms.
The moderately-fouled membranes hosted a diverse, species-
rich and stable bacterial community (Fig. 6c), with fairly uniform
abundance of all major taxonomic orders. Higher diversity can
increase resistance of the population to stress and lead to greater
biofilm stability due to differences in physiology and increased co-
metabolism options.32 Despite a higher biomass volume, the
moderately-fouled membranes had a lower biofilm depth (~50
µm) than that of the clean membranes, indicating that the greater
compactness of the biofilm on moderately-fouled membranes was
a result of exposure to high shear rate. Predominance of
Xanthomonadales, Sphingomonadales and Caulobacterales (Fig.
6c) suggested that the high shear force may select for bacteria
with superior attachment ability and those that produce very
sticky polysaccharides that bring about a decline in permeate flux
to counteract the shear force. Previous research shows that
Xanthomonadales are an integral part of membrane biofilms
subjected to high shear rate33 and exhibit significantly higher
attachment than other bacteria in mixed cultures.24
A higher alpha diversity is an indicator of higher stability of
biofilms, therefore, it may be suggested that the moderately
fouled membranes hosted the most versatile biofilms (Table 2).
However the beta diversity was close to those of clean and
severely fouled biofilms (Fig. 5b), indicating that variation in beta
diversities among fouled membranes was due to the difference in
relative abundance of the same genera rather than absence or
presence of specific genera.
The thicker biofilms (>64 µm) on severely fouled membranes
indicated a stable, mature biofilm and the bacterial community
data supported this. The severely fouled membrane biofilms
(Fig. 6d) were predominated by Burkholderiales, which were
possibly detached from upstream biofilms and deposited on the
preformed primary layers, thus increasing the biofilm thickness.19
The stickiness and adhesion to the primary colonisers’ EPS layer
may then prevent these secondary colonisers from migrating to
new surfaces. Furthermore, the denitrifying capabilities of these
bacteria enable them to survive for long periods on organic
decomposition under limited nutrient and oxygen supply.
As conditions change in different locations within a SWRO
membrane unit, irrespective of how severely fouled it is, we also
compared communities from different locations of both clean and
severely fouled units pooled together. The feed and middle
regions of membranes showed the most similar community
composition (Fig. 7), perhaps due to similar conditions of nutrient
and oxygen availability, salt concentrations and progressively
decreasing permeate flux. The biofilm thickness gradually
decreased from the feed end (>60 µm) towards the middle (>45
µm) and this was supported by the NGS results which showed a
lower relative abundance of Burkholderiales in the middle region
of membranes compared to the feed end (Fig. 7).
The feed end of membranes (Fig. 7a), where pre-filtered
seawater first enters the SWRO unit, carries the highest levels of
nutrients and oxygen but also highest levels of potential foulants
such as free-floating loose polysaccharides, proteins or bacteria.
These conditions may facilitate build up of thicker biofilms as is
reflected by the high relative abundance of Burkholderiales,
compared to other locations. The stickiness of the GSL producers
and Caulobacterales in the primary layer prevents these secondary
colonisers from detachment and migration to other locations. It
may therefore be suggested that the feed end of membranes
have a more stable and mature biofilm with strongly adhesive
primary colonisers than the other membrane locations.
Due to their spiral-wound format, the mid-feed location of
SWRO membranes (Fig. 7b) would be expected to have similar
conditions as those of feed end, but may have higher dissolved
salts and a continuous supply of oxygen. It may also be assumed
that the highest shear force and hence maximum permeate flux
could be expected in the mid-feed end locations. These conditions
may select for organisms that are strictly aerobic and are only able
to survive in the presence of high concentrations of sodium ions.
The mid-feed biofilms may have favoured the selection of
Alteromonadales, which are strict aerobes, and halophiles over
Xanthomonadales as primary colonisers resulting in a shift in the
gammaproteobacterial composition (Fig. 7b).
Pseudomonadales and Alteromonadales, which were dominant
in the feed-water and polished seawater, respectively (Fig. 1), were
also relatively more abundant in the mid-feed and reject locations
(Fig. 7b, d), which have the highest exposure to seawater
compared to other regions of the spirally-wound membranes.
The above findings largely support the fact that seawater bacterial
community directly or indirectly influences the ecological
structure of the membrane bacterial community. Although the
high shear force may select for organisms that can adhere
permanently to membranes with cohesive EPS, the strictly aerobic
conditions may enable only a few of these groups to survive. This
may be the reason for a comparatively lower abundance of GSL-
producing bacteria and the observed shift to aerobic Sphingo-
bacteriia over facultatively anaerobic Sphingomonadales and
Rhizobiales. The secondary colonisers such as Burkholderiales
may attach to the primary fouling layer initially but it is possible
that they might have been easily detached from the surface layers,
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partly due to the inability of EPS in primary layer to hold them
strongly, and partly due to their reduced survival under high
oxygen concentrations. Most species of Flavobacteriia are aerobic,
hence they may be prevalent in higher abundance in these
locations.
Compared to the mid-feed end, the middle region of the
membranes may have a lower flow rate and lower permeate flux
caused by resistance of the fouling layer as feed-water flows along
the membrane, making transportation of detached bacteria and
nutrients more difficult. The membrane surface in these areas may
therefore, be oligotrophic. The limited supply of nutrients and
oxygen downstream supports the survival of metabolically
adaptive secondary colonisers such as Betaproteobacteria to a
greater extent than the mid-feed location. This may suggest why
there was a slightly higher abundance of Alpha and Betaproteo-
bacteria in the middle (Fig. 7c), compared to the mid-feed
locations.
At the reject end (Fig. 7d), there was a higher relative
abundance of Sphingobacteriia and GSL-producing microbes.
Sphingomonads may have survived the various stress factors
better than other microbes due to their close and strong
association with the membrane surface. They are known to
effectively colonise RO membranes in continuous flow systems,
regardless of the surface properties of the membranes.34 Their
metabolic adaptability to a wide range of both natural organic
sources and environmental contaminants35 enables them to
survive even high nutrient concentrations on the membrane
surface due to a concentration polarisation effect and accumula-
tion of nutrients in the biofilm matrix.36 The above factors place
sphingomonads in a superior position for retention/accumulation
in mature SWRO membrane biofilms from the feed to the reject
end.
In summary, bacterial communities in clean and severely fouled
membranes differed in the prevalent orders of bacteria, while
moderately fouled membranes hosted a more diverse population
indicating their versatility. The feed end biofilms were the most
mature and stable, with a high abundance of Betaproteobacteria.
Biofilms in the mid-feed were the most compact and selected for
strict aerobes, the middle region biofilms were well adapted to
oligotrophic conditions with more or less similar proportions of
Alpha, Beta, Gammaproteobacteria and Sphingobacteriia. The
reject end biofilms were loosely bound, less compact biofilms
with a positive selection for Alphaproteobacteria and GSL-
producing bacteria that may have sustained the shear forces.
Considering the above factors, in order to overcome the bias of
flow conditions at the feed end in favour of certain groups of
bacteria, it is important to sample from various locations along
membrane sheets as they represent differences in bacterial
communities in full-scale plants along the spirally-wound unit.
CONCLUSION
The findings of the present study were novel because of the wide
range of membrane samples from a full-scale desalination plant,
after completion of their functional life-span. Control unused
membranes provided a strong basis of analysing whether
biofouling bacteria originated from upstream feed-water sources
or from resident bacteria on membranes themselves. It may be
beneficial to minimise membrane contamination and dormant
bacterial load, especially primary colonisers such as Caulobacter-
ales inhabiting unused membranes prior to use.
Variations in communities with differing severity of fouling and
membrane location were mainly based on ecological balance
between primary colonisers with strong attachment mechanisms
(e.g., Caulobacterales, Pseudomonadales, Xanthomonadales),
glycosphingolipid-producing bacteria (Sphingomonadales, Rhizo-
biales, Sphingobacteriia) and secondary colonisers with denitrifying
properties such as Burkholderiales. Moderately fouled membrane
communities were the most diverse and those on mid-feed end of
membranes, most different from other fouled membranes.
Our data support that the prevalence of bacterial groups
containing sphingolipids significantly contribute to fouling, and
treatments to target and disrupt them may offer improved
removal of SWRO membrane biofilms. The importance of the
holdfast mechanism in Caulobacterales, which were found to be
permanent inhabitants on all sampled membrane surfaces is
another area to be further investigated.
Polysaccharides of holdfast and GSL may be expected to form
some of the strongest structures of the entire biofilm matrix.
Future research and control methods may be directed towards
further investigation on targeting these compounds specifically to
alleviate fouling. In a further study, we characterised exopolysac-
charides from model bacterial strains isolated from the same plant
and it was interesting to detect similarities to glycosphingolipid
composition, in all our EPS samples from non-GSL-producers.37
Apart from the intrinsic factors on the membrane surface other
factors that may influence the ecological balance are microbial
community in feed-water, seasonal and temporal variations in
feed-water composition, and also effect of periodic pre-treatment
and cleaning methods used in the plant. Further sequencing
studies could include feed-water and pre-filter locations for a
more detailed comparison.
The bacterial community in seawater was artificially selected by
filtration; therefore, the possibility of NGS analysis to be biased in
favour of organisms that are unable to penetrate a pore size of
0.2 µm, cannot be ruled out. A few membranes had large
proportions of particular species, this cautions against relying on
sampling too few membranes, which could be misleading in
interpreting their true importance within the communities. For
future studies, we suggest sampling at least five membranes from
each of the locations of the SWRO membrane unit as described in
this study. Samples may also be included at periodic time intervals
to study the seasonal variations in bacterial community structure.
METHODS
Preliminary seawater sample analysis
As part of a related preliminary study,7 triplicate samples of source feed-
water and polished seawater (post-RO-filtration stage) were collected in 3 L
volume each, and concentrated by vacuum filtration through 0.2 µm
polycarbonate filters. Each filter was then cut into smaller pieces for DNA
extraction using a MoBio (Solana Beach, CA) Powersoil DNA kit, following
the manufacturer’s instructions, with final DNA elution carried out in 30 µL
volumes. The DNA was subjected to PCR amplification of the V1-V2
hypervariable region of the bacterial 16S rRNA gene, by barcoded
pyrosequencing as previously described.38 Briefly, universal bacterial
fusion primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 338R (5′-
CATGCTGCCTCCCGTAGGAGT-3′)38 were used to generate PCR amplicons
in triplicate, and pooled. PCR was carried out in a 25 µL total volume
including 4 µL of template DNA, containing: 2.5 mM MgCl2 (Fisher Biotec,
Aus), 1 × Taq polymerase buffer (Fisher Biotec, Australia), 0.4 µM dNTPs
(Astral Scientific, Australia), 0.4 mg BSA (Fisher Biotec, Australia), 0.4 µM of
each primer, and 0.25 µL of AmpliTaq Gold DNA polymerase (ABI). The PCR
conditions included: initial denaturation at 95 °C for 5 min, followed by 40
cycles of 95 °C for 30 s, 54 °C 30 s, 72 °C for 30 s, and a final extension at 72 °
C for 10min (Corbett Research, NSW, Aus) on a PCR thermal cycler (Bio-
Rad). Amplicons were purified (AMPure beads, Invitrogen) and DNA
concentration estimated by ethidium gel staining to approximate
equimolar concentrations for emulsion PCR. Bead: template rations for
the emulsion were determined by qPCR. The Roche GS Junior run set up
included an emulsion PCR step, bead recovery, and the sequencing run. All
of these procedures were carried out according to the Roche GS Junior
protocols (http://www.454.com). The sequencing output files were
processed as previously described39 through an automated pipeline in
an Internet-based bioinformatics workflow environment, YABI (https://ccg.
murdoch.edu.au/yabi/). The resultant BLAST files were imported into the
MEGAN4 MEtaGenome ANalyzer (version 4.62.1)40 for taxonomy.
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SWRO membrane sampling
Reverse osmosis membranes were obtained from the Perth Seawater
Desalination Plant, Western Australia, after they had been in continual use
for ~7 years. The SWRO membranes were replaced due to a marked drop
in permeate flux, and increased energy usage in the plant. The SWRO
design comprises of a first pass with 12 trains fitted with 162 pressure
vessels each; and a second pass with 6 trains, fitted with 12 pressure
vessels each (Supplementary Fig. Supplementary Fig. 7). Autopsy of SWRO
membranes was performed across various labelled individual spirally-
wound units (n = 14) to include a diverse range of samples. Each unit
consisted of up to 30 leafs of polyamide membranes (Dow Filmtec). Each
leaf was made of two membrane sheets measuring 20 × 100 cm, glued
together back-to-back with a permeate spacer between them.
The membrane samples were categorised according to both their
fouling severity [clean (n = 5), moderately fouled (n = 2), severely fouled (n
= 4)] and location [feed end (n = 2), mid-feed (n = 3), middle (n = 2), or
reject end (n = 2)]. One unused (CA,CB,CC) and one severely fouled
membrane (9A,9B,9C) was sampled and extracted in triplicate to check that
each sample was a good representative of larger areas of membranes that
belonged to the respective category. The sampling classification is
presented in Table 1.
Confocal laser scanning microscopy (CSLM) and biomass
measurements
Microscopy of membranes was performed to analyse the biofilms as
described previously.41 Membrane samples of the control group and each
of the groups of varying fouling severity, were cut into coupons of
approximately 1 cm2 area, in at least triplicate, and stained with
FilmTracer™ LIVE/DEAD biofilm stain (Invitrogen), according to the
manufacturer’s instructions. The membranes were wet mounted on clean
glass slides, secured with cover slips and observed on a Nikon C2 CLSM
microscope at 20 ×magnification, using associated software (NIS-Ele-
ments) to collect z-stacks of at least three areas per membrane. Imaris
(Bitplane version 8.4.1) software was used to reconstruct the 3D images of
these three areas for quantification of membrane biofilms. Average values
of biomass volume and biofilm depth were calculated from the images.
The biovolume is defined as the number of biomass pixels in all images of
a stack multiplied by the voxel size [(pixel size)x × (pixel size)y × (pixel size)z]
and divided by the substratum area of the image stack. The resulting value
is the biomass volume divided by substratum area (μm3/μm2), expressed in
μm3 units (Imaris). Biovolume represents the overall volume of the biofilm,
and also provides an estimate of the biomass in the biofilm.42 The average
biomass volume of the unused membranes was normalised to a value of
one, for the purpose of comparison against the biomass volume of fouled
membranes and for calculation of abundance of taxa per unit biomass
volume of the corresponding membrane groups.
DNA extraction
Initially, DNA was extracted from membrane samples using the PowerSoil®
DNA Isolation Kit (MO BIO, Qiagen) for soil and environmental samples, as
per the manufacturers’ instructions. However, on quantification of DNA,
this method resulted in low yields of poor quality DNA from 0 to 8 ng/μL.
Therefore, genomic DNA was isolated from 0.5 g samples of the SWRO
membranes following the protocols of Urukawa and colleagues.43 Briefly,
0.5 g of SWRO membranes were pulverised by bead beating in a Lysing
Matrix E tube (MP Biomedicals), then mixed with 350 μL phenolchloroform-
isoamyl alcohol (50:49:1) (TE saturated; pH 8.0) and 350 μL 2xTENS buffer,
and centrifuged at 16,000 × g for 5 min. The aqueous phase was aspirated
into a 2mL Phase Lock Gel tube (Sigma Aldrich), gently mixed with 300 μL
7.5 M ammonium acetate, and an equal volume of chloroform, and
centrifuged at 16,000 × g for 5 min. DNA was recovered from the phenol-
chloroform extraction by ethanol precipitation with 0.6 × volumes of ice-
cold isopropanol and 3 μL of GlycoBlue (Ambion, Austin, USA), following
standard protocols, and resuspended in 50 μL TE buffer. DNA extractions
were performed in duplicate for each samples, and DNA yield and purity
was assessed using a Nanodrop spectrophotometer (Thermo Scientific); up
to 150 ng/μL of DNA was isolated per sample (Table 1). Extraction reagent
blank controls were performed alongside all DNA extractions.
Bacterial 16S rRNA gene amplicon library preparation and MiSeq
sequencing
The V4 hypervariable region of bacterial 16S rRNA genes in the SWRO
membrane DNA samples were amplified by PCR using the 515F (5′-
GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-
3′) primers described by Caporaso and colleagues.44 PCRs were performed
in 25 μL volumes containing 1 × PCR buffer, 2.5 mM MgCl2, 1 mM dNTPs,
400 nM of each primer, 1U PerfectTaq polymerase (5 PRIME, Germany), and
2 μL of DNA. No-template and extraction reagent blank controls were
included in all PCR runs. PCR thermal cycling conditions were: 95 °C for 5
min followed by 34 cycles of 95 °C 30 s, 55 °C for 30 s and 72 °C for 30 s, and
a final extension of 72 °C for 5 min in a Bio-Rad Thermal Cycler. PCR
amplicons were electrophoresed though 2% agarose gels stained with
GelRed (Fisher Biotech) and visualised under UV light). From the resulting
bacterial 16S rRNA gene amplicons, sequencing libraries for the MiSeq
sequencing platform were produced according to Illumina recommended
protocols (Illumina Demonstrated Protocol: 16S Metagenomic Sequencing
Library Preparation), with amendments. Purified, uniquely indexed libraries
from individual DNA samples were pooled for sequencing in equimolar
quantities based on the fluorescent intensity of amplicon libraries after
electrophoresis though a 2% agarose gel stained with GelRed (Fisher
Biotech) and visualised under UV light. Sequencing was performed on an
Illumina MiSeq using 500-cycle V2 chemistry (250 paired-end reads)
following the manufacturer’s recommendations.
Next generation sequencing analysis
Sequences were first subjected to quality control (QC) procedures as
previously described.45 Briefly, paired-end reads were merged using
USEARCH v846 with a minimum overlap length of 50 bp and no gaps
allowed in the merged alignments. Primer sequences and distal bases
were trimmed from the ends of reads in Geneious v8.1.6 (Biomatters, New
Zealand)47 and sequences of less than minimum reported size for the
515F/806R amplicons (200 bp) were removed. Singleton sequences (per
sample), and sequences with a >1% error rate were removed from the
dataset using USEARCH v8.46 Operational taxonomic units (OTUs) were
created by clustering sequences at 97% similarity and 2456 OTUs were
clustered using the UPARSE algorithm.48 Of these, 5% were chimeric and
were removed with the UCHIME algorithm.49 Taxonomy was assigned to
OTUs in QIIME50 by aligning to the GreenGenes 16S rRNA database51 using
the UCLUST algorithm46 with default parameters. OTUs taxonomically
assigned to the class, family or genus-level were used for further analysis.
The number of OTUs sequenced for each membrane sample were
analysed against the respective biomass volume of the membrane
biofilms. OTUs present in control samples (PCR no-template controls and
DNA extraction reagent blank control) were removed from the dataset to
remove all background sequences present in the environment and
through handling of samples. Following this process, a total of 343,000
unique sequences were represented by 2229 OTUs. To compare the
bacterial community structure between replicate samples of the control
groups, and between different membrane classifications, the abundance of
the major taxonomic groups was calculated as a proportion per unit
biomass volume of the corresponding membranes.
Bacterial diversity estimates and statistical analyses were performed in
QIIME v1.9.0.52 Estimates of bacterial alpha diversity were calculated after
multiple rarefactions to a maximum depth of 50,507 sequences using the
Choa153 and Shannon diversity indices.54 Statistical comparison of
bacterial diversity levels between SWRO membrane treatment groups
was calculated on rarefied data (3254 sequences per sample) with
parametric pair-wise t-tests. Beta diversity estimates were calculated on a
rarefied subsample (3254 sequences per sample) with jackknifed PCoA
using weighted Unifrac distances,55 and a UPGMA dendrogram56 was
generated in QIIME from the jackknifed PCoA matrices. PERMANOVA tests
were used to assess the statistical differences between SWRO bacterial
communities.57
Data availability
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Supplementary	 Fig.	 5:	 Comparison	 of	 abundance	 and	 evenness	 of	 bacterial	 communities	 between	 feed,	


























































































































































































Treatment Matrix Control Membrane Moderately	fouled Clean Severely	fouled Unused Feed Mid-feed Middle Non-feed
Sample	Replication Control 0 1
Membrane 1 0
Condition Moderately	fouled 0 1 1 0
Clean 1 0 1 0.28
Severely	fouled 1 1 0 1
Unused 0.34 0.28 1 0
Membrane	Location Feed 0 1 1 1
Midfeed 1 0 1 1
Mid 1 1 0 1





Treatment Matrix Control Membrane Moderately	fouled Clean Severely	fouled Unused Feed Mid-feed Middle Non-feed
Extraction	Replication Control 0 0.003
Membrane 0.003 0
Condition Moderately	fouled 0 1 1 0.17
Clean 1 0 1 1
Severely	fouled 1 1 0 0.007
Unused 0.17 1 0.007 0
Membrane	Location Feed 0 1 1 1
Midfeed 1 0 1 1
Mid 1 1 0 1
















a	 distinct	 community	 formed	 on	 the	 RO	membranes	 in	 situ.	 Therefore,	 it	 was	
essential	 to	 compare	 the	 cultured	 bacteria	 from	 various	 locations	 of	 the	
desalination	plant	 to	 the	 genetically	 sequenced	 community	 on	RO	membranes.	
These	comparisons	were	also	essential	 to	 select	 the	most	appropriate	cultured	
bacteria	 as	 models	 for	 biofilm	 studies	 (Chapter	 4).	 An	 understanding	 of	 the	
bacterial	 community	 was	 also	 required	 to	 compare	 known	 unique	







THAN	 ONE	 METHOD,	 COMPARISON	 OF	 CULTURE	 LIBRARY	 TO	 THE	
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from	 upstream	 locations	 of	 a	 full-scale	 desalination	 plant,	 cause	 reverse-osmosis	 (RO)-
membrane-biofouling.	 To	 prove	 this,	 bacteria	 from	 upstream	 locations	 and	 from	 RO	
membranes	 were	 cultured	 and	 compared,	 using	 three	 identification	 methods,	 mainly	 to	
determine	species-similarities	and	furthermore,	 to	assess	biochemical	similarities	between	
organisms	 from	 the	 upstream	 planktonic	 community	 and	 RO	 membranes,	 even	 if	 their	
taxonomy	was	not	identical.		
Sixty-four	bacterial	strains	from	different	locations	of	the	Perth	Seawater	Desalination	Plant,	




Isolates	were	 compared	with	 the	genetic	biofilm	communities	on	 fourteen	RO	membrane	
units	fouled	over	7	years,	from	the	full-scale	plant	[1].	Model	fouling	bacteria	were	selected	
based	on	their	relative	abundance	in	both	culture	and	community	profiles,	phylogenetic	and	









MALDI-TOF	 MS,	 matrix	 assisted	 laser	 desorption	 ionization-time	 of	 flight	 mass	
spectrometry;	 PSDP,	 Perth	 Seawater	Desalination	 Plant;	 RSW,	 raw	 seawater;	 S,	 sand/dual	


















Membrane	 biofouling	 is	 the	 single	 most	 important	 issue	 in	 reverse	 osmosis	 seawater	
desalination	and	substantial	energy	and	cost	savings	are	possible	 if	 fouling	on	membranes	
can	be	controlled.		However,	it	is	still	unclear	which	bacterial	species	to	monitor	and	where	
to	 sample.	Bacteria	 in	biofilms	cause	biofouling	 largely	 through	 the	production	of	 copious	
amounts	of	sticky	extracellular	polysaccharides	representing	up	to	95%	of	their	biomass	[2,	
3].		There	is	a	fundamental	lack	of	understanding	of	the	bacterial	community	structure	and	




High-throughput	 sequencing	 now	 enables	 bacterial	 communities	 to	 be	 explored	 in	 detail.	
These	methods	enable	rapid	characterisation	of	targeted	sequences	and	potentially	provide	
an	 insight	 of	 the	 entire	 population	 of	 seawater	 and	 RO	membrane	 biofilm	 environments	
within	 the	 desalination	 plant,	 including	members	 of	 the	microbial	 community	 present	 at	
very	 low	 levels.	 However,	 sequencing	 methods	 do	 not	 provide	 any	 information	 on	 the	
physiological	 capabilities	 of	 these	microorganisms	 and	 types	 of	 foulants	 (polysaccharides)	
they	 produce.	 Pure	 cultures	 are	 the	 only	way	 to	 investigate	 these	 properties	 and	 further	
assess	the	fouling	behaviour	of	organisms	that	are	not	only	prevalent	on	membrane	systems	
but	 also	 play	 a	 critical	 role	 in	 biofouling.	 Most	 studies	 use	 unsuitable,	 single-bacterial	
models	such	as	Pseudomonas	aeruginosa	or	Escherichia	coli,	which	are	not	well	adapted	to	
seawater	systems	and	produce	low	levels	of	EPS	(E.coli)	or	atypical	biofilm	polysaccharides	
(P.	 aeruginosa).	 One	 drawback	 of	 culture-based	 approaches	 is	 culture	 bias,	 isolating	




isolates	 may	 not	 represent	 the	 most	 abundant	 or	 ecologically	 relevant	 organisms	 in	 the	
community	[5],	especially	in	case	of	seawater	environments	[6].		
There	have	been	a	few	studies	on	characterisation	of	bacterial	communities	along	different	




compared	 to	 bacterial	 communities	 found	 in	 upstream	 locations	 such	 as	 prefilters	 or	
feedwater.	 However,	 bacterial	 populations	 colonising	membrane	 biofilms	 are	 likely	 to	 be	
influenced	 by	 the	 microbial	 composition	 of	 source	 water.	 A	 number	 of	 them	 probably	
penetrate	prefilters	and	make	their	way	through	to	RO	membrane	surfaces,	or	detach	from	
biofilm	fragments	formed	on	prefilters	and	internal	pipe	surfaces.	The	loose	slime	or	soluble	
exopolysaccharides	produced	by	 these	organisms	 form	 important	precursors	of	biofouling	
on	RO	membranes.		
In	this	study,	we	hypothesised	that	bacteria	and	their	EPS	from	upstream	locations	of	a	full-
scale	 desalination	 plant,	 are	 responsible	 for	 biofouling	 on	 RO	membranes.	 To	 prove	 this	
hypothesis,	bacteria	 from	upstream	locations	and	from	RO	membranes	were	cultured	and	
compared.	Three	 identification	methods	were	used	for	 the	most	accurate	 identification	at	
species	 level,	 and	 furthermore,	 following	 the	 selection	 of	model	 strains,	 the	 biochemical	
profiles	 of	 model	 strains	 were	 determined	 to	 assess	 if	 species	 from	 upstream	 locations	





The	 objectives	 of	 the	 study	 were	 defined	 as	 follows	 i)	 to	 construct	 a	 culture	 library	 of	





fouling.	 The	most	 important	 component	 of	 bacterial	 polysaccharides	 is	 carbon;	 therefore	
the	production	of	EPS	depends	largely	on	the	ability	of	bacterial	strains	to	use	a	wide	variety	
of	 carbon	 substrates	 that	 may	 be	 present	 in	 seawater	 or	 membrane	 surfaces,	 nitrate-
reducing	ability	 in	 the	absence	of	organic	carbon	sources,	 their	 resistance	 to	high	salinity,	




the	 entire	 microbial	 community	 of	 RO	 membranes	 using	 16S	 rRNA	 metabarcoding	 [1].	
According	 to	 the	 NGS	 study,	 specific	 bacterial	 groups,	 namely	 Caulobacterales	 and	
glycosphingolipid-producing	bacteria	(Sphingomonadales,	Rhizobiales	and	Sphingobacteriia)	
appeared	to	play	an	important	role	in	primary	attachment	and	biofilm	recalcitrance.	Nitrate-
and-nitrite-reducing	 bacteria	 (Rhizobiales,	 Burkholderiales	 and	 some	 Pseudomonadales)	
were	also	likely	to	be	critical	for	ecological	balance	and	biofilm	maturation.	
To	 the	 best	 of	 our	 knowledge,	 this	 is	 the	 first	 study	 that	 investigates	 the	 culturable	





scale	SWRO	facility	 in	Australia.	The	results	give	 important	 information	on	the	selection	of	
suitable	model	microorganisms	for	biofouling	studies.	Selection	of	appropriate	models	from	




Perth	 Seawater	 Desalination	 Plant	 (PSDP)	 was	 the	 first	 of	 Australia’s	 plants	 to	 provide	
desalinated	seawater	for	 large-scale	public	consumption.	 It	produces	up	to	45	gigalitres	of	
fresh	 drinking	 water	 per	 year.	 It	 is	 located	 25km	 south	 of	 the	 city	 of	 Perth	 in	 Western	
Australia.	 The	 seawater	 intake	 pipe	 is	 around	 1km	 in	 length	 and	 collects	 water	 from	





each.	 A	 pressure	 vessel	 is	 a	 sealed	 unit,	 which	 consists	 of	 multiple	 (usually	 6-8)	 spirally	
wound	RO	membrane	units	arranged	serially	and	interconnected	with	each	other.		Water	is	
forced	 through	an	array	of	 spirally	wound	 reverse	osmosis	membrane	units	 (Dow	Filmtec	
SW30)	to	produce	fresh	drinking	water.	Many	colloids	and	particulates	are	removed	during	
pre-treatment	 but	 some	 bacteria	 appear	 to	 traverse	 even	 cartridge	 filters	 [4].	 This	 may	
result	from	small	regions	of	filter	damage	during	manufacture	or	use,	presence	of	bacteria	










The	 samples	 for	 this	 study	 were	 collected	 from	 different	 locations	 at	 PSDP,	 namely	 raw	
seawater	 (RSW),	 sand/dual	media	 filters	 (S),	 cartridge	 filters	 (C),	 filtered	 seawater	 (FSW),	
reverse	osmosis	membranes	(RO)	and	polished	seawater	(PSW),	across	seasons	over	a	year.	
Ten	mL	aliquots	were	sampled	 in	 triplicate	 from	each	source	of	 raw,	 filtered	and	polished	
seawater	 samples	 collected.	 Triplicates	 of	 2g	 aliquots	 were	 sampled	 from	 each	 of	 sand,	
cartridge	 and	 membrane	 samples.	 All	 samples	 were	 grown	 in	 30mL	 each	 of	 enrichment	
media;	Marine	Broth	 (BD	Difco)	and	Tryptone	Soy	Broth	 (Sigma-Aldrich),	and	 incubated	at	
the	average	temperature	of	the	desalination	plant	of	25	°C	for	4-5	days	with	shaking.	Liquid	
cultures	 were	 streaked	 onto	 the	 following	 solid	 media;	 R2A	 agar	 (Thermo	 Scientific),	
Tryptone	Soy	Agar	(Sigma-Aldrich)	and	Zobell’s	Marine	Agar	(BD	Difco)	and	incubated	at	25	
°C	 for	 3	 days.	 Resulting	 bacterial	 colonies	were	 subcultured	 up	 to	 three	 times	 under	 the	
same	incubation	conditions	until	single	pure	colonies	were	obtained.	Over	60	distinct	types	
of	colonies	were	isolated	in	pure	culture.	Most	strains	were	preserved	in	TSB	and	MB	at	-20	
°C	with	 the	 addition	 of	 0.5%	Glycerol.	 It	was	 observed	 that	 a	 few	 isolates	 from	 seawater	














recommended	by	 the	manufacturer	was	used	with	 slight	modifications.	 The	 isolates	were	
grown	 on	 TSA/Zobell’s	 agar	 for	 24	 to	 72	 hours	 at	 26°C.	 The	 majority	 of	 bacteria	 were	
suspended	 in	 a	 gelling	 ‘inoculating	 fluid	 A’	while	 a	 few	 of	 the	 strains	were	 suspended	 in	
‘inoculating	fluid	B’	to	the	recommended	cell	density	using	a	Biolog	turbidimeter.	A	100µL	
volume	of	cell	suspension	was	inoculated	into	each	well	and	incubated	at	25°C	for	24	to	48	
hours	 depending	 on	 the	 growth	 requirements	 of	 individual	 strains.	 Pseudoalteromonas	
(FSW3,	S1)	and	Paracoccus	 (RO28)	were	strictly	halophilic	and	required	the	addition	of	4%	
salt	to	the	growth	media.	The	fingerprint	of	purple	wells	was	compared	to	Biolog’s	species	








4.2.3.3.2	 Bacterial	 Identification	 based	 on	 Matrix	 assisted	 laser	 desorption	
ionization	time	of	flight	mass	spectrometry	(MALDI-TOF	MS)	
The	Bruker	Daltonik	MALDI	Biotyper	 (Bruker	Daltonik	GmbH,	Bremen,	Germany)	was	used	
to	 identify	 species	 based	 on	 their	 protein	 profile	 using	 standard	 protocols	 available	 [10].	





DNA	was	 extracted	 from	 0.5mL	 cultures	with	 a	 bacterial	 concentration	 of	 5x107	 CFU/mL,	
using	a	MoBio	(Solana	Beach,	CA)	powersoil	DNA	kit.	The	manufacturer’s	procedures	were	
followed	 with	 final	 DNA	 elution	 carried	 out	 in	 100	 µL	 DNase	 free	 water.	 DNA	 was	 PCR	
amplified	using	universal	bacterial	primers	27F	and	907R	[11].	PCR	was	carried	out	in	a	25	µL	
total	 volume	 including	 2.5	 µL	 of	 10x	 PCR	 Buffer	 (Fisher	 Biotec,	 Australia),	 2.5	 µL	 MgCl2	
(Fisher	 Biotec,	 Australia),	 2.5	 µL	 of	 each	 primer	 (Fisher	 Biotec,	 Australia),	 0.5	 µL	 dNTPs	
(Fisher	 Biotec,	 Australia),	 14	 µL	 PCR	 water	 (Fisher	 Biotec,	 Australia)	 and	 0.1	 µL	 Taq	 Ti	
polymerase	with	1.0	µL	of	sample	DNA.	The	PCR	conditions	included	initial	denaturation	at	
95°C	for	5	mins,	followed	by	40	cycles	of	95°C	for	30s,	55°C	for	30s,	72°C	for	40s	and	a	final	
extension	 at	 72°C	 for	 7	mins.	 Big	 Dye	 Terminator	 v	 3.1	 labelling	 kit	 (Applied	 Biosystems,	
Foster	City,	CA)	was	used	according	to	the	manufacturer’s	instructions.	The	PCR	amplicons	
were	purified	by	mixing	15	µL	product	and	10	µL	Nuclease	 free	PCR	water	 (Fisher	Biotec,	
Australia)	 and	 using	 the	 Diffinity	 Rapid	 tips	 (Diffinity,	 Chiral	 Technologies,	 Inc)	 for	









and	 left	 in	 the	 refrigerator	 for	 >15	 mins,	 centrifuged	 at	 14000g	 for	 30	 mins,	 the	
supernatants	discarded,	washed	with	70%	ethanol	and	spun	again.	Ethanol	was	discarded	
and	 the	 tubes	 dried	 without	 touching	 the	 pellet.	 Final	 products	 were	 subjected	 to	 a	
sequencing	 run	 on	 an	 Applied	 Biosystems	 3730XL	 capillary	 sequencer.	 The	 resulting	
nucleotide	 sequences	 were	 submitted	 to	 BLAST	 (NCBI,	
https://blast.ncbi.nlm.nih.gov/Blast.cgi),	which	searched	the	microbial	nucleotide	GenBank	
database	 (blastn).	 Identifications	 were	made	 at	 a	 genus/species	 level	 based	 on	 similarity	





identified	a	particular	 isolate	at	 the	genus-level	and	either	of	Biolog	Gen	 III	or	MALDI-TOF	
identified	the	same	at	a	species-level	of	 the	same	genus,	 the	 latter	was	considered	as	the	
final	presumptive	identification.	 In	situations	where	discrepancies	of	results	were	found	at	







Fouled	RO	membranes	 from	14	RO	membrane	units	 from	 the	 full-scale	desalination	plant	
were	autopsied	after	reaching	their	complete	life	span	of	7	years	in	the	full-scale	plant.	The	
bacterial	 community	 was	 characterised	 by	 next	 generation	 sequencing	 using	 barcoded	
universal	bacterial	primers	515F	and	806R	on	an	Illumina	Miseq	as	previously	described	[1].	
Taxonomy	was	 assigned	 to	 OTUs	 in	 QIIME	 [12]	 by	 aligning	 to	 the	 GreenGenes	 16S	 rRNA	
database	[13]	using	the	UCLUST	algorithm	[14]	with	default	parameters.	OTUs	taxonomically	
assigned	 to	 the	 class,	 family	 or	 genus-level	 were	 used	 for	 further	 analysis,	 taking	 into	
consideration,	 the	 average	 taxa	 abundance	 of	major	 bacterial	 groups	 present	 in	 bacterial	
communities	of	all	the	14	fouled	membranes	pooled	together.		The	taxonomy	was	used	to	
generate	a	 rooted	 tree	using.	 The	 	 	MEGAN6	MEtaGenome	ANalyzer	 (version	6)	 [15]	was	
used	 to	 depict	 the	 distribution	 and	 average	 relative	 abundance	 of	 each	 of	 the	 392	 taxa	
across	all	membrane	samples.	Due	to	the	large	amount	of	 information,	 initial	comparisons	
were	 made,	 considering	 the	 relative	 abundance	 of	 phyla.	 The	 major	 phyla	 were	
Proteobacteria,	 Bacteriodetes,	 Actinobacteria	 and	 Firmicutes.	 Further,	 the	 highly	 diverse	
Proteobacteria	 were	 considered	 separately	 for	 the	 classes	 Alpha,	 Beta	 and	
Gammaproteobacteria.		
The	 cultured	 isolates	 were	 then,	 compared	 to	 the	 bacterial	 community	 profile	 on	 RO	









There	 were	 64	 isolates	 with	 distinct	 colony	 morphology	 (Supplementary	 Table	 1),	 these	
were	identified	by	a	combination	of	three	methods	and	classified	into	13	different	genera.	
Most	 isolates	were	 identified	to	a	species-level	by	16S	rRNA	gene	sequencing	and	MALDI-
TOF.	 The	 results	 obtained	 by	 Gen	 III,	 MALDI-TOF	 and	 16S	 rRNA	 gene	 sequencing	 are	





fouling	RO	membranes	 and	 their	 prevalence.	Generally,	 16S	 rRNA	and	MALDI-TOF	 results	
both	agreed	for	genus-level	identifications.	The	biochemical	test	kit	(Biolog	Gen	III)	was	less	




identified	 at	 a	 genus-level	 was	 4/64.	 Strains	 that	 belonged	 to	 Pseudomonas	 were	
misidentified	as	Achromobacter	and	Acinetobacter	(Supplementary	Table	1a,	d,	e).	This	may	
be	due	to	their	similar	characteristics	as	Gram-negative	non-fermentative	bacilli.	 	Previous	









non-motile	 in	 contrast	 to	 the	 oxidative,	 motile	 nature	 of	 Pseudomonas.	 Due	 to	 many	
taxonomic	changes,	additional	biochemical	tests	are	required	to	characterise	Acinetobacter	
[17].			
Bacillus	 vietnamensis	 misidentified	 as	 Aerococcus	 (Supplementary	 Table	 1c),	 B.	
hwajinpoensis	 misidentified	 as	 Virgibacillus	 halodenitrificans	 (Supplementary	 Table	 1e),	
Aerococcus	and	Bacillus	have	very	different	cellular	morphologies.	However,	difficulties	 in	
biochemical	 identification	 of	 Aerococcus	 have	 been	 reported	 previously	 and	 accurate	
identification	 of	 this	 genus	 relies	 mainly	 on	 sequencing	 and	 MALDI-TOF	 methods	 [18].	
Bacillus	 hwajinpoensis,	 and	 Virgibacillus	 halodenitrificans	 are	 closely	 related	 halophilic	
marine	 Gram-positive	 spore-forming	 rods.	 The	 latter	 was	 previously	 known	 as	 Bacillus	
halodenitrificans	and	was	transferred	to	genus	Virgibacillus	 in	recent	years	[19,	20].	There	
were	 also	 species-level	 misidentifications	 within	 the	 genus	 Bacillus,	 such	 as,	 B.	
amyloliquifaciens	misidentified	 as	B.	 subtilis	 and	B.	 cereus	misidentified	 as	B.	 thurigiensis	
(Supplementary	Table	1b).	Bacillus	 is	a	highly	diverse	genus	with	 its	 type	species	being	B.	
subtilis.	 Inclusion	 of	 a	 bacterium	 into	 this	 genus	 was	 originally	 determined	 by	 spore	
formation	 under	 aerobic	 conditions	 [21].	 However,	 the	 genus	 Bacillus	 has	 very	 high	
diversity	 in	 cellular	 morphology,	 motility	 characteristics,	 aerobic/facultatively	
anaerobic/anaerobic	nature,	organotrophic/lithotrophic	ability	and	wide	ranging	physiology	
among	species	[22-24].	This	makes	 it	difficult	 to	distinguish	them	from	other	members	of	








Microbacterium	 saperdae	 and	 Burkholderia	 ambifaria	 (Supplementary	 Table	 1e)	 were	
defined	to	the	species-level	wherein	16S	rRNA	gene	sequencing	resolved	the	identity	only	
to	a	genus-level.	Despite	its	 limited	use	in	environmental	samples,	there	have	been	a	few	
other	 reports	 of	 correct	 identifications	 of	 environmental	 microbes	 by	 the	 Biolog	 Gen	 III	
system,	 such	 as	 Serratia	 marcescens	 from	 a	 waste	 water	 treatment	 plant	 [26],	
environmental	 contaminants	 in	 the	 pharmaceutical	 industry	 	 [25]	and	 species	 of	 biofilm-
forming	marine	bacteria	such	as	Micrococcus,	Bacillus	and	Staphylococcus	[27,	28].	




Even	 though	 the	 Biolog	 Gen	 III	 accommodates	 a	 large	 number	 of	 organisms	 in	 a	 single	





by	 the	 system	 provides	 an	 insight	 into	 the	 carbon	 utilisation	 patterns	 and	 metabolic	




growth	 substrates	 of	 isolates	 in	 the	 laboratory	 to	 better	 understand	 their	 behaviour	 in	




the	 exact	 size	 of	 peptides	 and	 small	 proteins	 that	 are	 specific	 to	 each	 bacterial	 species.	








non-identifiable	 was	 marginally	 higher.	 However,	 there	 were	 fewer	 misidentifications,	
which	were	 confined	 to	 species	 level	 (n=3).	B.	 cereus	 was	misidentified	 as	B.	 thurigiensis	
(Supplementary	Table	1b).	 The	 reasons	 for	misidentification	of	Bacillus	 species	have	been	
explained	above	in	Section	3.2.1.	The	performance	of	MALDI-TOF	has	been	reported	to	be	
better	 in	 identifying	Gram-negative	bacteria	 compared	 to	Gram-positive	microbes	 such	as	
Bacilli	[10].	
	Pseudomonas	monteilii	was	misidentified	as	P.	putida	and	vice	versa	(Supplementary	Table	





[29].	 There	 is	 also	 evidence	 that	 even	 16S	 rRNA	 sequencing	 is	 not	 always	 able	 to	
differentiate	 P.	 monteilii	 and	 P.	 putida	 [30],	 which	 reinforces	 the	 need	 of	 a	 rigorous	
assessment	of	more	than	one	identification	method,	and	not	just	a	percentage	match	by	the	
16S	rRNA	sequencing.	
MALDI-TOF	 performed	 better	 with	 respect	 to	 species-level	 identifications	 in	 a	 few	 cases	
where	16S	rRNA	gene	sequencing	resulted	only	in	genus-level	identifications.	Pseudomonas	
monteilii,	 P.	 putida,	 P.	 koreensis,	 Acinetobacter	 Iwofii,	 Arthrobacter	 oxydans	 and	 B.	
weihenstephanensis	were	among	these	(Supplementary	Table	1e).	Most	strains	identified	by	
this	method	were	RO	membrane	isolates	that	belonged	to	Bacillus	and	Pseudomonas.	This	
agreed	 with	 a	 study	 conducted	 by	 Uhlik	 and	 co-workers	 where	 MALDI-TOF	 permitted	
identification	 at	 level	 of	 species	 of	 Arthrobacter	 and	 Microbacterium,	 	 which	 was	 not	
achieved	by	16S	rRNA	gene	sequencing	[31].		
MALDI-TOF	 failed	 to	 identify	 all	 isolates	 cultured	 from	 seawater	 samples,	 which	 were	
identified	 as	 Pseudoalteromonas	 and	 Pseudomonas	 species	 by	 gene	 sequencing.	 The	
seawater	 isolates	were	more	mucoid	 than	 isolates	cultured	 from	filters.	They	also	strictly	
grew	in	saline	media	such	as	Zobell’s	marine	agar	or	broth.	The	MALDI-TOF	system	analyses	
the	protein	spectrum	profiles	of	bacteria;	therefore,	a	high	organism	density	is	required	to	
obtain	 a	 good	 protein	 profile.	 Interference	 by	 a	 high	 amount	 of	 extracellular	
polysaccharides	 coupled	with	high	 salt	 content	of	 the	culture	media	may	have	 interfered	
with	 identification	of	 these	 strains.	 It	 has	been	previously	 reported	 that	 salt	 content	and	





properties	 of	 proteins	 so	 that	 some	 are	 detected	 preferentially	 to	 others.	 Selective	
nutrients	 present	 in	 the	marine	 agar	 may	 also	 induce	 or	 supress	 the	 synthesis	 of	 some	
proteins.	The	inadequacy	of	MALDI-TOF	spectral	libraries	to	identify	bacteria	isolated	from	
seawater	reverse	osmosis	plants	has	been	documented	earlier	[33].	
Apart	 from	 high	 accuracy,	 other	 advantages	 of	 MALDI-TOF	 are	 speed,	 very	 low	 sample	
volume	 requirements	 and	 modest	 reagent	 costs.	 However,	 the	 major	 drawback	 is	 the	
limited	 availability	 of	 reference	 data	 sets	 [30].	 The	 limited	 application	 of	 this	 method	
especially	 to	marine	bacteria	cannot	be	overlooked.	The	Bruker	Daltonik	Biotyper	used	 in	
our	 study	 has	 reference	 libraries	 biased	 towards	 clinical	 rather	 than	 environmental	







Gene	 sequencing	 identified	 all	 isolates	 to	 either	 a	 species	 or	 genus	 level.	 The	 number	 of	
isolates	 identified	 at	 a	 genus-level	was	 32/64,	 and	 those	 identified	 at	 a	 species-level	was	
32/64	 All	 identified	 strains	 matched	 their	 corresponding	 colony	 morphology	 and	 Gram’s	
staining	characteristics	(Supplementary	Table	1).	
The	16S	rRNA	gene	sequencing	method	has	been	considered	the	gold	standard	of	bacterial	
identifications.	 The	 genotypic	 database	 is	 far	 more	 extensive	 than	 their	 phenotypic	









has	 been	 satisfactory	 identification	 of	 phenotypically	 non-identifiable	 environmental	
bacteria	 using	 16S	 rRNA	 gene	 sequencing	 [35].	 In	 a	 recent	 study,	 the	 aforementioned	
methods	were	 compared	 to	 identify	 bacteria	 of	 veterinary	 interest,	 it	was	 reported	 that	
gene	 sequencing	 performed	 significantly	 better	 than	 Biolog	 Gen	 III	 and	 MALDI-TOF	 for	
genus-level	 identifications,	 while	 species-level	 identifications	 were	 similar	 in	 all	 methods	
[36].	 These	 results	 were	 similar	 to	 observations	 in	 our	 study	 with	 respect	 to	 superior	





and	MALDI-TOF	 reference	databases	 for	marine	environmental	microbes,	 16S	 rRNA	gene	
sequencing	may	be	regarded	as	the	better	method	for	identifying	cultures	at	least	up	to	a	
genus	level.		
Upon	careful	 evaluation	of	each	method,	 it	 should	be	emphasised	 that	one	method	may	
not	be	 sufficient	 for	 successful	 identification	of	bacteria	 cultured	 from	SWRO	plants.	 The	
biochemical,	MALDI-TOF,	and	gene	sequencing	methods	may	be	used	 in	conjunction	with	





profile	 of	 each	 organism	 is	 highly	 valuable	 in	 further	 biofouling	 experiments	 and	
determining	their	role	in	biofouling	in	the	full-scale	plant.	
4.2.4.3	Culturable	bacterial	diversity		
Cultures	were	 isolated	 from	various	 locations	across	 the	 full-scale	plant	and	comprised	64	
different	 isolates	 classified	 into	 13	 genera.	 The	 culturable	 bacterial	 population	 varied	
between	 different	 locations	 of	 the	 desalination	 plant.	Water	 samples	 and	 RO	membrane	
samples	were	mainly	dominated	by	Gammaproteobacteria,	while	sand	and	cartridge	filters	
hosted	 Bacilli	 as	 the	 main	 group.	 The	 entire	 culture	 collection	 across	 all	 locations	 was	
dominated	by	Pseudomonas	and	Bacillus	(Fig.	1).	The	highest	number	of	pure	cultures	was	
isolated	 from	RO	membranes	 that	 had	 a	 relatively	 diverse	 population	 compared	 to	 other	
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on	RO	membranes	 in	Fig.	2.	 	Due	to	 the	 large	amount	of	 information	 in	 the	NGS	analysis,	
initial	 comparisons	 were	 made,	 based	 on	 the	 relative	 abundance	 of	 phyla.	 Sequencing	
results	 showed	 that	 the	 major	 phyla	 prevalent	 on	 RO	 membranes	 were	 Proteobacteria,	
Bacteriodetes,	 Firmicutes	 and	 Actinobacteria.	 Further,	 the	 highly	 diverse	 Proteobacteria	


















Table	 1:	 Comparison	 between	 cultured	 isolates	 from	 different	 locations	 and	 genetic	






























































































within	 their	 corresponding	 phylum/class	 with	 respect	 to	 relative	 abundance	 (Table	 1).	
Arthrobacter	was	 the	only	 genus	not	detected	 in	 the	membrane	bacterial	 community	but	
was	 isolated	 from	RO	membranes	 in	 culture.	 This	 suggested	 that	Arthrobacter	was	 either	










































There	 was	 a	 good	 spread	 of	 cultures	 with	 respect	 to	 diversity	 across	 major	 phyla	 and	
classes.	The	exact	 species-level	match	between	culture	and	NGS	biofilm	community	 could	
not	 be	 determined	 as	 NGS	 identified	 bacteria	 only	 to	 a	 genus-level.	 However,	 the	
biochemical	 characterisation	 further	 aided	 in	 assessing	 similarities	 between	bacteria	 from	
membranes	and	upstream	locations	(Section	3.5).	
Seawater	 isolates	mainly	 comprised	Pseudomonas.	 They	are	one	of	 the	most	ubiquitously	
found	 organisms	 in	 nature	 and	 are	 known	 to	 play	 a	 significant	 role	 both	 as	 primary	
colonisers	 [39]	 and	 secondary	 inhabitants	 in	 membrane	 biofouling	 [40].	 Due	 to	 their	
ubiquitous	 and	 resistant	 nature,	 they	 may	 have	 been	 able	 to	 penetrate	 the	 multiple	
filtration	steps	and	gain	access	 to	 the	polished	seawater.	Apart	 from	the	 filters,	 they	may	
also	 be	 present	 as	 contaminants	 in	 the	 intake	 pipes	 and	 intermediate	 processes	 of	 the	
SWRO	plant	 as	 is	 evident	 from	 their	 presence	 largely	 on	RO	membranes	 themselves.	 The	
ease	 of	 culturing	 Pseudomonas	 on	 a	 wide	 range	 of	 media	 suggested	 that	 it	 is	 highly	
adaptable	and	can	utilise	a	wide	 range	of	 substrates	 (Supplementary	Table	2),	which	may	
account	for	their	abundance	in	the	water	samples.		
Pseudomonas	 are	 known	 to	 be	 actively	 involved	 in	 initial	 attachment	 processes	 to	 pipe	
surfaces	 in	 drinking	 water	 distribution	 systems	 [41].	 	 This	 may	 be	 due	 to	 their	 well-
developed	swarming	and	twitching	motilities,	and	EPS-producing	capacity	when	they	come	
in	 contact	with	 solid	 surfaces.	Pseudomonas	 are	known	 to	migrate	 in	 clumps	of	detached	
bacteria	and	EPS	that	enhances	their	resistance	to	environmental	stress	during	detachment	
and	 subsequent	 transport	 to	 new	 surfaces.	 Isolates	 of	 Pseudomonas	 cultured	 from	
feedwater	 have	 been	 reported	 previously	 to	 be	 good	 biofilm	 formers	 [42].	 To	 a	 certain	




biofouling	may	originate	 from	source	water;	however,	culture	bias	cannot	be	 ruled	out.	 It	










also	 among	 the	 most	 abundant	 genera	 in	 the	 gammaproteobacterial	 class	 of	 the	 NGS	
biofilm	community	 (Supplementary	 Fig.	 3).	 The	predominant	 species	used	 in	most	biofilm	
studies	is	P.	aeruginosa.	Contrary	to	this,	in	our	collection,	P.	marincola,	P.	monteilii	and	P.	
putida	 were	 the	major	 species	 cultured.	 They	 were	 all	 highly	 mucoid	 while	 P.	 marincola	






relative	 abundance	 of	 this	 species	 in	 culture	 was,	 however,	 low,	 probably	 due	 to	 the	












Bacterial	 culture	 populations	 on	 sand	 and	 cartridge	 filters	 were	 dominated	 by	 Bacillus.	
Bacillus	 were	 also	 largely	 isolated	 from	 RO	 membranes	 but	 were	 less	 abundant	 than	
Pseudomonas	in	this	location.	In	agreement	with	this,	the	membrane	community	profile	of	
the	 endospore-forming	 Gram-positive	 phylum,	 Firmicutes	 was	 also	 predominated	 by	
Bacillus,	 along	 with	 Alicyclobacillus,	 and	 Streptococcus	 (Supplementary	 Fig.	 6).	 Bacillus	
species	have	been	previously	observed	in	different	community	structures	of	biofilms	on	RO	
membranes	 [50-53]	and	cartridge	 filters	 [4].	 	 Sporogenic	 strains	of	Bacillus	produce	 larger	
amounts	 of	 EPS	 in	 SWRO	 systems	 [54].	Most	 of	 the	Bacillus	 strains	 cultured	 in	 our	 study	
were	 fast-growers	and	produced	copious	amounts	of	EPS	on	agar	plates,	emphasizing	 the	
need	 for	 their	 selections	 as	 good	 model	 strains.	 	 The	 sand/anthracite	 filter	 is	 the	 first	








removed	 large	 numbers	 of	 Pseudomonas	 sps.	 and	 Bacillus	 sps.	 [55].	 The	 spore-forming	
ability	of	Bacillus	makes	them	more	resistant	to	harsh	conditions	and	chemical	treatments	
over	 a	 period	 of	 time,	 which	 may	 explain	 their	 high	 abundance	 in	 comparison	 to	 other	
bacteria	 in	 these	 locations.	 Spores	 being	 smaller	 than	 cells,	 may	 easily	 penetrate	 the	
prefilters,	 and	 are	 transported	 further	 into	 the	 membranes.	 	 Routine	 disinfection	
procedures	and	chemical	treatments	may	only	kill	the	cells,	not	the	spores	of	these	species.	
The	 constant	 availability	 of	 nutrients	 may	 induce	 bacterial	 spores	 to	 transform	 into	
vegetative	forms	after	chemical	residues	are	removed.		
Exiguobacterium	 sps.	 successfully	 isolated	 from	 sand	 filters	 in	 our	 study,	 have	 also	 been	
isolated	 from	 diverse	 and	 extreme	 environments	 and	 associated	 with	 SWRO	 systems	
previously	[47,	56];	but	their	significance	in	biofouling	is	not	known.		
Among	the	Bacteriodetes	phylum,	Cytophaga	isolated	from	cartridge	filters,	were	the	most	
abundant	 genus	 within	 the	 order	 Cytophagiia	 in	 the	 biofilm	 community	 profile	
(Supplementary	 Figure	 4).	 	 	 Cytophaga	 species	 have	 been	 reported	 to	 be	 of	 feed	 water	
origin	[57],	exist	as	commensals	in	biofilm	communities	and	are	known	for	their	resistance	
to	 chemical	 cleaning	 procedures	 [57].	 Cytophaga	 are	 gliders	 and	 do	 not	 exist	 as	 free-
swimming	 planktonic	 cells.	 Our	 findings	 suggested	 that	 these	 microbes	 gain	 access	 to	
cartridge	filters	by	gliding	along	the	internal	surfaces	of	pipes.		
In	 the	 actinobacterial	 phylum,	 Rhodococcus	 was	 isolated	 from	 cartridge	 filters	 and	 RO	
membranes,	 while	Microbacterium	 was	 isolated	 from	 raw	 seawater	 and	 RO	 membranes	
indicating	a	feed	water	origin.	None	of	the	genera	in	this	phylum	was	particularly	abundant	
in	 the	 biofilm	 community	 (Supplementary	 Figure	 5).	 In	 spite	 of	 their	 non-motile	 nature,	






of	 their	 cell	 surface	 facilitates	 effective	 bacterial	 adhesion	 to	membrane	 surfaces.	Due	 to	






membranes	 are	 replaced	 only	 at	 the	 end	 of	 their	 life	 span	 of	 6	 to	 7	 years.	 The	 biofilm	





organisms	 due	 to	 accidental	 damage	 of	 cartridge	 filters.	 It	was	 an	 important	 observation	
that	 the	 colonies	 of	 Pseudomonas	 and	 Bacillus	 were	 the	 most	 mucoid	 in	 the	 culture	
collection.	 This	 may	 indicate	 that	 they	 are	 likely	 to	 play	 a	 significant	 role	 in	 initial	
attachment	 as	well	 as	biofilm	 formation.	 The	others	may	exist	 as	 secondary	 colonisers	or	
commensals	in	the	multi-species	community.		
Culture	 bias,	 however,	 cannot	 be	 ignored.	 Pseudomonas	 and	 Bacillus	 are	 notoriously	
resistant	 to	 chemical	 treatments,	 especially	 chlorine.	 As	 the	 Perth	 seawater	 desalination	




towards	 a	 higher	 abundance	 of	 Bacillus	 and	 Pseudomonas.	 The	 nutrient	 availability	 in	
enriched	culture	media	under	laboratory	conditions	is	very	different	from	the	composition	
of	 nutrients	 on	 real	membrane	 surfaces	 or	 upstream	 samples.	One	 has	 to	 be	 cautious	 in	
analysing	the	role	of	cultured	bacteria	in	biofouling	based	on	their	frequency	of	isolation.		




The	possible	 reasons	 for	 this	may	be	 differences	 in	 the	 seawater	microbial	 community	 in	
Western	Australia,	temporal/	seasonal	variations	at	the	time	of	sampling	and	culture	bias.		
Burkholderia	 are	 important	 members	 of	 the	 culture	 collection	 because	 of	 their	
predominance	 as	 secondary	 colonisers	 in	 RO	membrane	 biofilms	 as	 per	 our	NGS	 analysis	
and	 previous	 studies	 [40].	 This	 genus	 is	 known	 for	 its	 ability	 to	migrate	 in	 clumps,	 form	
tower-like	structures	on	primary	biofilms	and	has	nitrate-reducing	properties	which	enables	
survival	 for	 long	 periods	 in	 mature	 biofilms	 [40].	 Acenitobacter	 Iwoffii	 and	 Arthrobacter	
oxydans,	both	isolated	from	RO	membranes,	are	reported	to	have	a	high	resistance	to	stress	
factors	 and	 the	ability	 to	 survive	 in	dormant	 forms	 for	 a	 long	 time	 [59].	Arthrobacter	 has	
been	discovered	on	RO	membranes	previously	[50]	and	Acinetobacter	has	been	associated	
with	membrane	fouling	[51].	
The	polished	 seawater	 cultures	 consisted	of	only	Pseudomonas,	which	again	 supports	 the	
evidence	 that	 they	 may	 have	 been	 detached	 from	 RO	 membrane	 surfaces,	 and	 play	 an	







ruled	 out.	 Alternatively,	 they	 could	 be	 present	 because	 they	were	 a	 contaminant	 on	 the	
polished	water	side	of	the	system,	and	among	the	bacteria	present,	 these	may	have	been	
the	most	versatile	 to	survive	 in	 the	polished	seawater,	which	presumably	has	much	 lower	
available	nutrients	compared	to	the	inlet	side	of	the	RO	membrane.		
Only	after	careful	comparisons,	suitable	model	organisms	were	chosen	for	further	research	
on	 biofouling	 studies	 and	 nature	 of	 their	 polysaccharides.	 To	 summarize	 the	 selection	 of	
representative	models	from	our	culture	collection,	bacteria	were	chosen	from	each	phylum	
and	 proteobacterial	 class	 to	 span	 the	 diversity	 of	 the	 community	 on	 RO	 membranes.	
Selected	 genera	 based	 on	 relative	 abundance	 and	 known	 biofouling	 properties	 were	
Paracoccus,	 Burkholderia,	 Pseudomonas,	 Acinetobacter,	 Pseudoalteromonas,	 Cytophaga,	
Microbacterium	 and	 Bacillus.	 Few	 other	 genera,	 namely	 Marinomonas,	 Rhodococcus,	



















and	 C15	 (Bacillus	 amyloliquefaciens),	 S8	 (Exiguobacterium	 sps.),	 C11	 (B.	 baekryungensis),	
C13	 (Pseudoalteromonas	 sps.),	 C16	 (B.	 aquimaris),	 C18	 (B.	 vietnamensis)	 and	 RO15	 (B.	
hwajinpoensis)	 (Supplementary	 Table	 2).	 	 Interestingly,	 raw	 seawater	 isolates	 (RSW6,	
RSW14)	shared	common	biochemical	characteristics	and	nitrate-reducing	abilities	with	the	
polished	seawater	 isolate	PSW1	(Supplementary	Table	2),	despite	their	species	differences	
within	 the	Pseudomonas	genus.	 In	a	similar	manner,	a	 filtered	seawater	 isolate	FSW6	and	
the	 RO	membrane	 isolate	 RO24,	 both	 belonging	 to	 the	 Pseudomonas	 genus,	 also	 shared	
common	 biochemical	 characteristics,	 and	 reduced	 nitrates.	 It	 was	 also	 interesting	 to	 find	
that	 although	 RSW5	 and	 RO27	 both	 belonged	 to	 the	 Microbacterium	 genus,	 the	 raw-
seawater-isolate	RSW5	was	able	to	utilise	a	wider	range	of	carbon	sources,	compared	to	the	
RO	 membrane	 isolate	 RO27.	 This	 suggested	 the	 adaptability	 of	 the	 strain	 RSW5	 to	 the	
oligotrophic	 environment	 of	 seawater.	 Similarly,	 the	 sand	 filter	 isolate,	 S1	 of	
Pseudoalteromonas	 genus	 had	 a	 greater	 versatility	 of	 substrate-utilisation	 and	 growth	
requirements,	 compared	 to	 the	 cartridge	 filter	 isolate	 C13	of	 the	 same	 genus.	 The	 above	





In	 desalination	 processes,	 bacteria	 travel	 from	 an	 oligotrophic	 environment	 of	 very	 low	
organic	 carbon-and-nitrogen	 sources	 in	 raw	 seawater,	 to	 a	 relatively	 nutrient-rich	
membrane	surface.	Along	their	journey,	the	microbes	are	exposed	to	a	variety	of	chemical	
and	biocide	treatments,	which	result	in	pH	changes,	both	during	and	after	the	prefiltration	
stages.	This	may	 favour	organisms,	which	adapt	well	 to	different	 conditions.	 Low-nutrient	
conditions	occur	at	the	intake	end	of	the	feed	water,	changing	to	high	pressure,	high	shear	
forces	 and	 higher	 salt	 concentrations	 of	 ~50%	 more	 than	 raw	 seawater,	 towards	 the	
discharge	end	of	RO	membrane	units.	This	facilitates	the	formation	of	a	biofilm	community	
on	the	RO	membranes,	in	which	multi-species	bacterial	populations	interact	with	each	other	
to	 maintain	 a	 stable,	 active	 and	 mature	 biofilm	 under	 the	 operational	 conditions	 of	 the	
plant.	 	 The	metabolic	and	physiological	 characteristics	of	 these	bacteria	 largely	determine	
their	role	in	the	biofilm	community	on	the	membranes.				
The	sources	of	organic	carbon	in	intake	seawater	of	the	desalination	plant	may	be	from	pipe	
extractables,	 microbial	 by-products,	 organic	 detritus	 such	 as	 seagrass	 or	 algae,	 pre-
treatment	chemicals,	membrane	surfactants	or	air-borne	dust	introduced	before	intake.	As	
the	water	passes	 through	 the	prefilters,	 the	 accumulation	of	 organic	matter	 and	 colloidal	










units,	 a	 few	microbes	 that	 penetrate	 these	 filters	 successfully	 inhabit	 the	 RO	membrane	
surfaces.	This	may	be	because	towards	the	feed	end	of	membrane	units,	 there	 is	a	higher	
concentration	 of	 loose,	 free-floating	 extracellular	 polymers	 from	 upstream	 locations	 and	
detached	biofilm	 fragments	 from	 internal	 pipe	 surfaces,	which	make	 their	way	 to	 the	RO	
membrane	 units	 and	 rapidly	 condition	 the	 membrane	 surfaces.	 This	 facilitates	 the	
adherence	 of	 organisms	 that	 have	 penetrated	 the	 cartridge	 filters	 or	 were	 previously	
present	as	contaminants	in	the	pipes.			
The	 results	 of	 the	 Biolog	 Gen	 III	 assay	 largely	 supported	 this	 and	 our	 hypothesis	 of	 the	
possibility	 of	 source	 water	 origin	 of	 biofilm	 microbes.	 	 It	 was	 evident	 that	 the	 cultured	
isolates,	 especially	 those	 common	 to	 a	 number	 of	 upstream	 locations	 as	 well	 as	 RO	
membranes	 (Pseudoalteromonas	 and	 Microbacterium)	 were	 the	 most	 versatile	 in	 their	
metabolic	abilities.	In	the	presence	of	higher	salt	concentrations,	they	were	able	to	utilise	a	
range	 of	 sugars,	 amino	 acids,	 hexose	 phosphates,	 carboxylic	 acids	 and	 esters	
(Supplementary	 Table	 2)	 as	 the	 sole	 source	 of	 carbon	 and	 energy.	 A	 wider	 range	 of	
substrate-utilisation	was	observed	among	 seawater	 isolates	where	nutrients	 are	expected	
to	be	low,	while	the	downstream	isolates	metabolised	fewer	substrates,	the	possible	reason	
being	 a	 higher	 abundance	 of	 carbon	 sources	 brought	 about	 by	 the	 accumulation	 of	
metabolic	by-products	downstream.		
In	another	study	on	the	polysaccharide	characterisation	of	these	model	strains,	it	was	found	
that	 L-fucose,	 rhamnose,	 glucuronic	 acid	 and	 galacturonic	 acids	 were	 the	 most	 common	
sugars	which	are	 likely	 to	 form	sticky	recalcitrant	biofilms	 [60].	Rhamnose	 is	also	 found	 in	
sphingans	and	gellans	formed	by	sphingomonads	[61],	a	predominant	subset	of	the	biofilm	











survival	 under	 stressful	 conditions.	 The	 bacterial	 EPS	 is	 also	 rich	 in	 proteins	 and	 other	
organic	macromolecules.	The	utilisation	of	amino	acids	as	sole	carbon	sources	by	many	of	
the	cultured	 isolates	supports	the	postulation	that	they	can	survive	under	 limited	nutrient	
and	 oxygen	 supply	 by	metabolising	 EPS	 components	 and	metabolic	 by-products	 of	 other	
bacteria.	
The	 common	 biochemical	 attributes	 and	metabolic	 pathways	 between	 the	 Pseudomonas	
strains	 from	 upstream	 locations	 and	 those	 from	 or	 after	 the	 reverse	 osmosis	 stage	
strengthened	 the	hypothesis	of	a	 source	water	origin	of	membrane-biofilm	microbes.	The	
resistance	and	adaptation	of	 these	 isolates	to	the	operational	conditions	of	 the	plant	may	
be	 responsible	 for	 their	 possible	 significant	 role	 in	 biofouling	 of	 membranes.	 To	 further	
prove	 the	 role	 of	 seawater	 microbes	 in	 membrane	 fouling,	 purified	 polysaccharides	 (no	







The	selection	of	model	strains	 in	 this	study,	were	used	for	 fouling	experiments	 in	another	
study	 [62].	 The	 bacterial	 polysaccharides	 of	 these	 model	 strains	 have	 also	 been	
characterised	 [60].	 Most	 exopolysaccharides	 contained	 key	 sugars	 such	 as	 fucose,	
rhamnose,	 glucuronic	 acid	 and	 galacturonic	 acid,	 which	 are	 known	 to	 impart	 better	
structural	 integrity	 and	 strength	 to	 biofilms.	 Furthermore,	 purified	 exopolysaccharides	 of	
model	 raw	 seawater	 isolates	 fouled	 SWRO	 membranes	 and	 decreased	 permeate	 flux	
significantly	 in	 bench-scale	 experiments,	 indicating	 that	 polysaccharides	 produced	 by	
bacteria	from	upstream	locations	have	a	direct	effect	on	RO	membrane	fouling	[62].		A	third	
study	 assayed	 model	 strains	 for	 the	 production	 of	 xanthine	 oxidase	 in	 the	 presence	 of	
hypoxanthine	 [63].	 	 As	 xanthine	 oxidase	 disperses	 biofilms	 by	 degrading	 polysaccharides	
[64],	 it	 was	 suggested	 that	 strains	 that	 naturally	 produce	 xanthine	 oxidase	 may	 be	
potentially	used	as	biological	control	agents	to	alleviate	fouling.		
There	were	a	few	bacteria	abundant	in	the	membrane	biofilm	community	that	are	known	to	
be	 significant	 in	 biofouling,	 but	 were	 not	 isolated	 in	 culture.	 The	 failure	 to	 grow	 these	
organisms	could	be	attributed	to	reasons	summarised	below.		A	majority	of	bacteria	in	the	
oligotrophic	seawater	environment,	exist	as	‘ultramicrobacteria’,	with	cell	volume	<0.1 μm3	
[65].	 These	 include	many	marine	 sphingomonads	 [66,	 67]	 and	 some	Pseudomonas	 strains	
[68].	Due	to	their	high	surface-to-volume	ratio,	 they	have	a	higher	metabolic	activity	 than	
larger	 bacterial	 cells,	 are	 able	 to	 better	 utilise	 the	 organic	 sources	 of	 carbon	 and	 can	
penetrate	0.2µM	filters.	However,	 they	are	 resistant	 to	cultivation	as	 they	are	adapted	 to	
oligotrophic	 environments	 and	 transform	 into	 active	 vegetative	 cells	 only	 after	 several	
dilutions	of	culture	media	or	 long	 incubation	periods	of	several	weeks	[66].	 	Secondly,	the	




growing,	 aerobic	 bacteria	 over	 the	 facultatively	 anaerobic/anaerobic	 organisms	 that	 are	
better	 adapted	 to	 high	 flow	 conditions,	 e.g.	 Ochrobactrum.	 Another	 such	 example	 is	




various	 prefiltraton	 steps	 and	 adapt	 to	 the	 operational	 conditions	 of	 the	 plant.	 	 Biofilm	
bacteria	may	also	originate	from	pre-existing	contamination	within	the	plant	to	which	future	
research	may	be	directed.	To	improve	the	study,	special	media	or	culture	conditions	may	be	




identical	 to	 biofilm	 bacteria	 on	 RO	 membranes	 determined	 by	 culturing	 and	 NGS.	 This	
supported	a	feed	water	source	of	the	membrane	foulant	bacteria.	Prevalent	model	bacteria	
including	 Paracoccus,	 Burkholderia,	 Pseudomonas,	 Acinetobacter,	 Pseudoalteromonas,	
Cytophaga,	 Microbacterium,	 Bacillus,	 Marinomonas,	 Rhodococcus,	 Exiguobacterium	 and	
Staphylococcus	 were	 selected	 for	 future	 model	 fouling	 experiments.	 The	 biochemical	
versatility	of	 these	 species	made	 them	easy	 to	 culture	 in	 the	 laboratory	but	 also	ensured	
their	 survival	 under	 the	 harsh	 conditions	 on	 RO	desalination	membranes.	Our	 hypothesis	
was	 supported	by	 the	experimental	 evidences	 showing	 similarities	 in	biochemical	 abilities	







membranes,	 it	 is	 imperative	 to	 customize	 or	 design	 control	 measures	 that	 target	 the	
invasive	microbes	specific	to	the	geographic	location	of	the	plant.	Our	study	supported	this	
by	 selection	 of	 good	 model	 bacteria	 based	 on	 extensive	 evaluation	 of	 their	 known	
physiological	 characteristics,	 prevalence	 and	 biochemical	 abilities.	 There	were	 a	 few	 gaps	
due	 to	 culture	bias.	The	 study	may	be	 further	 improved	by	modifying	 culture	methods	 to	
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Table	 1:	 Comparison	 between	 cultured	 isolates	 from	 different	 locations	 and	 genetic	





2.	Fig.	 2:	Comparison	of	 relative	 abundance	of	 genera	 in	 culture	 collection	 from	different	









4.	Supplementary	Table	1(d):	 Identification	of	 isolates	 from	 filtered	 seawater.	Underlined	
taxa	represent	definitive	identification	







7.	 Supplementary	 Table	 2:	 Biochemical	 assay	 of	 bacterial	 isolates	 from	 the	 full-scale	
desalination	plant,	using	Biolog	Gen	III.	
8.	 Supplementary	 Figures	 1-6:	 MEGAN	 phylograms	 showing	 phylogenetic	 trees	 of	
Alphaproteobacteria	 (1),	 Betaproteobacteria	 (2),	Gammaproteobacteria	 (3),	 Bacteriodetes	
(4),	Actinobacteria	 (5),	 and	 Firmicutes	 (6)	 on	 RO	membrane	 biofilms.	 Size	 of	 the	 bubbles	
represents	number	of	OTUs	assigned/abundance	of	the	corresponding	taxa	on	a	logarithmic	
scale.	The	highlighted	genera	depict	those	isolated	in	culture.	The	arrows	and	the	coloured	
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	 ±	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	
α-D-Glucose	 	 +	 	 +	 	 	 +	 +	 +	 ±	 +	 +	 +	 +	 	 	 +	 	 +	 +	 +	 	 	
D-Mannose	 	 +	 	 +	 	 	 +	 +	 	 	 +	 +	 	 	 	 	 +	 	 	 +	 +	 	 	
D-Fructose	 	 +	 	 +	 	 	 +	 +	 +	 +	 +	 +	 	 	 	 	 +	 	 +	 +	 +	 	 	
D-Galactose	 	 +	 	 +	 	 	 +	 	 	 	 +	 	 	 +	 	 	 	 	 	 +	 +	 	 	
δ-Methyl	
Glucose	
	 	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	
D-Fucose	 	 	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 +	 	 	
L-Fucose	 	 +	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 +	 +	 	 	





Inosine		 	 	 	 +	 	 	 +	 	 +	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	
D-Sorbitol	 	 	 	 +	 	 	 ±	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 +	 	 	
D-Mannitol	 	 +	 	 +	 	 	 +	 +	 +	 	 +	 +	 	 +	 	 	 +	 	 +	 	 +	 	 	
D-Arabitol	 	 	 	 +	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	 	
myo-Inositol	 	 	 	 +	 	 	 +	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 +	 	 	
Glycerol	 	 +	 	 +	 	 	 +	 +	 +	 	 +	 	 	 +	 	 	 	 	 	 	 +	 	 	
Hexose-PO4’s	 	 	 	
D-Glucose-	6-
PO4		
	 	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	
D-Fructose-	6-
PO4	
	 +	 	 	 	 	 +	 	 ±	 	 +	 	 	 	 	 	 	 	 	 ±	 +	 	 	
Amino	acids	
D-Aspartic	Acid		 	 	 	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	 	
D-Serine	 	 	 	 	 	 	 ±	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
Gelatin	 	 	 	 	 	 	 +	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
Glycyl-L-
Proline		
	 	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	
L-Alanine	 	 	 +	 +	 	 +	 +	 	 +	 	 ±	 +	 	 	 +	 +	 	 +	 	 	 +	 	 +	
L-Arginine	 ±	 	 ±	 ±	 	 ±	 +	 +	 	 	 	 +	 	 	 ±	 +	 	 ±	 	 	 	 	 ±	
L-Aspartic	Acid		 	 	 	 +	 	 	 +	 +	 	 	 +	 +	 	 	 	 +	 	 	 	 	 +	 	 	
L-Glutamic	
Acid		
+	 	 +	 +	 	 +	 +	 +	 ±	 	 +	 +	 	 	 +	 +	 	 +	 	 	 +	 	 +	
L-Histidine	 	 	 	 +	 	 	 +	 	 	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	
L-Pyroglutamic	
Acid	
±	 	 ±	 +	 	 +	 +	 	 	 	 	 	 	 	 ±	 +	 	 +	 	 	 +	 	 ±	
L-Serine	 	 	 	 ±	 	 	 +	 	 +	 	 	 	 	 	 	 +	 	 	 	 	 +	 	 	
Hexose	acids	 	 	 	
Pectin		 	 +	 	 +	 	 	 +	 +	 	 ±	 	 +	 +	 +	 	 	 +	 	 +	 +	 +	 	 	
D-Galacturonic	
Acid	
±	 +	 +	 	 +	 ±	 	 +	 	 	 +	 	 	 	 ±	 ±	 	 ±	 	 ±	 +	 	 ±	
L-Galactonic	
Acid	Lactone		
	 	 	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
D-Gluconic	
Acid		
	 +	 	 +	 	 	 +	 +	 +	 	 ±	 	 +	 	 	 +	 +	 	 +	 	 +	 	 	
D-Glucuronic	
Acid		
±	 +	 ±	 	 +	 ±	 +	 	 	 	 +	 	 	 	 ±	 +	 	 ±	 	 	 +	 	 ±	
Glucuronamide		 	 	 	 	 	 	 +	 	 ±	 	 	 	 	 	 	 +	 	 	 	 	 +	 	 	
Mucic	Acid		 +	 	 +	 	 +	 +	 +	 	 	 	 	 	 	 	 ±	 +	 	 +	 	 	 	 	 ±	







+	 	 	 	 +	 +	 +	 	 	 	 	 	 	 	 ±	 +	 	 +	 	 	 	 	 ±	




	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	 ±	 	
Methyl	
Pyruvate		
	 	 +	 	 	 +	 +	 +	 	 	 	 	 	 	 +	 	 	 	 	 	 	 	 +	
D-Lactic	Acid	
Methyl	Ester		
	 	 	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
L-Lactic	Acid		 +	 +	 +	 +	 	 +	 +	 +	 	 	 	 +	 	 	 +	 +	 	 +	 	 	 +	 	 +	
Citric	Acid	 +	 	 +	 	 +	 +	 +	 +	 	 	 	
	
+	 	 	 +	 +	 	 +	 	 	 	 	 +	
α-Keto-Glutaric	
Acid	
+	 	 +	 	 +	 +	 +	 	 	 	 ±	 	 	 	 +	 +	 	 +	 	 	 +	 	 +	
D-Malic	Acid		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	 	
L-Malic	Acid		 +	 	 +	 +	 	 +	 +	 +	 	 	 	 +	 ±	 	 +	 +	 	 +	 	 	 +	 	 +	
Bromo-
Succinic	Acid	
	 	 	 +	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
Tween	40	 	 	 	 +	 	 	 +	 	 +	 	 	 	 	 	 +	 	 ±	 	 	 	 	 	 +	
γ-Amino-
Butryric	Acid		




	 	 	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
β-Hydroxy-
D,LButyric	Acid		
	 	 +	 	 	 +	 +	 	 	 	 +	 	 ±	 	 +	 	 	 +	 	 	 +	 	 +	
α	-Keto-Butyric	
Acid	
	 +	 	 +	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	 	 	
Acetoacetic	
Acid	
	 	 	 	 	 	 +	 +	 +	 	 	 ±	 +	 +	 	 	 +	 	 	 	 +	 	 	
Propionic	Acid		 +	 	 +	 	 	 +	 +	 	 	 	 	 	 	 	 +	 +	 	 +	 	 	 +	 	 +	
Acetic	Acid		 +	 	 +	 	 +	 +	 +	 	 +	 	 	 	 +	 +	 +	 +	 	 +	 	 	 +	 	 +	
Formic	Acid	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ±	 	 	
Chemical	Sensitivity	 	 	 	
pH	6		 +	 +	 +	 	 +	 +	 +	 +	 +	 ±	 	 +	 +	 +	 +	 +	 +	 +	 +	 +	 	 +	 +	
pH	5	 +	 	 +	 	 +	 +	 	 +	 	 	 	 +	 	 	 +	 +	 	 +	 	 	 	 +	 +	





4%	NaCl	 ±	 	 ±	 +	 	 ±	 +	 +	 +	 +	 ±	 +	 ±	 +	 ±	 +	 +	 ±	 +	 	 +	 	 ±	




+	 +	 +	 	 	 +	 	 +	 	 	 	 +	 +	 +	 	 +	 +	 +	 +	 +	 	 +	 +	
Reducing	power	 	 	 	
Tetrazolium	
Violet	
+	 	 +	 	 +	 +	 	 	 	 +	 	 	 +	 	 +	 +	 	 +	 ±	 	 	 +	 +	
Tetrazolium	
Blue	
	 	 +	 	 	 +	 	 	 	 	 	 	 +	 	 +	 +	 	 +	 	 	 	 +	 +	
Nitrate	
reduction	











































Fig.	 1-6:	MEGAN	 phylograms	 showing	 phylogenetic	 trees	 of	Alphaproteobacteria	 (1),	Betaproteobacteria	
(2),	Gammaproteobacteria	 (3),	Bacteriodetes	 (4),	Actinobacteria	 (5),	 and	Firmicutes	 (6)	on	RO	membrane	
biofilms.	Size	of	the	bubbles	represent	number	of	OTUs	assigned/abundance	of	the	corresponding	taxa	on	a	





































The	 selection	 of	 the	 most	 representative	 biofouling	 bacteria	 as	 models	 was	 an	
important	 prerequisite	 for	 the	 characterization	 of	 polysaccharides	 of	 each	 of	 the	
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A B S T R A C T
Bacterial extracellular polymeric substances (EPS), particularly slime consisting of high-molecular weight
soluble exopolysaccharides contribute significantly to seawater reverse osmosis (SWRO) membrane fouling. In
this study, we characterized the soluble exopolysaccharides of 25 model bacterial strains isolated from different
locations of a full-scale desalination plant in Western Australia. Biofilms of individual strains were initially
quantified using crystal violet assay; significant biofilm production was detected in 21/25 isolates. Enzyme-
linked lectin sorbent assay using lectins, Conacavalin A (ConA) and Ulex identified glucose and/or mannose in
11/25 isolates, and fucose in 24/25 isolates to significant levels. Exopolysaccharides were extracted and purified
from bacterial cultures using centrifugation, TCA precipitation, cold acetone precipitation, dialysis and vacuum
drying. Yield of exopolysaccharides varied between 90 mg to 480 mg/L of broth culture. Purified exopolysac-
charides of 14 strains were analysed by High-Performance Anion Exchange Chromatography with Pulsed
Amperometric Detection (HPAEC-PAD) and ATR-FTIR. Fucose, rhamnose, glucuronic and galacturonic acids
were present in majority of the isolates. These sugars are common to polysaccharides of glycosphingolipid-
producing bacteria, a predominant subset of RO membrane biofilm community of the full-scale plant. They are
known to impart better physical integrity to EPS and form strong, sticky recalcitrant biofilms. Mannose, glucose,
galactose, xylose and ribose were also present.
1. Introduction
Membrane biofouling is a major concern to the desalination
industry around the world and microbial biofilms contribute hugely
to the process of fouling. It has been established that bacteria are unable
to form biofilms without the most crucial component, extracellular
polymeric substances (EPS) that comprise of polysaccharides, extra-
cellular DNA, proteins, glycoproteins and phospholipids. Of these,
polysaccharides are the major components of the matrix [1,2]. The
collective term exopolysaccharides was first used by Sutherland to
describe high molecular weight carbohydrate polymers produced by
marine bacteria [3]. EPS plays a critical role in reducing permeate flux
in SWRO systems, leading to requirement of higher pressure to drive
the water through, thus increasing energy costs [4]. EPS are present as
either capsular EPS, or loosely associated soluble EPS known as slime.
Soluble EPS have greater binding capacity for organic matter than
bound EPS [5] and are among the most recalcitrant naturally occurring
organic foulants of RO membranes [6]. In aqueous environments, slime
may be released onto surfaces that are not conducive for bacterial
attachment directly [7,8]. The loose slime exopolysaccharides may then
condition surfaces such as internal pipes, prefilters and RO membranes,
facilitating bacterial attachment and biofilm formation.
In membrane fouling, polysaccharides and proteins are the main
polymers in biofilm EPS, with polysaccharides being the dominant
component [9]. Due to their higher viscosity, the polysaccharides are
easily accumulated on the membrane surface, leading to an increase in
hydraulic resistance and decreased permeate flux. Compact and dense
biofilms formed under the influence of high shear force, such as those in
spirally wound SWRO membranes, are known to be high in their
polysaccharide content. It has been documented that polysaccharides,
as opposed to extracellular proteins, are crucial for maintenance of the
EPS matrix attached to the RO membrane surface, under shear force
[10].
Apart from polysaccharides, biofoulants on filtration membranes
are also comprised of proteins and other organic macromolecules [11].
The composition of EPS is diverse, with respect to the proportions of the
http://dx.doi.org/10.1016/j.desal.2017.05.021
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major components, polysaccharides and proteins. In some circum-
stances, such as particular bacterial species e.g. Staphylococcus or in
particular environments such as differing C/N ratios, EPS are mainly
and sometimes entirely composed of proteins [12–14]. In this study, we
focus on the characterization of exopolysaccharides, particularly the
slime polysaccharides from model bacterial isolates of a full-scale
SWRO plant.
Most studies on biofouling in SWRO plants have focused on
investigation of bacteria themselves that cause biofouling, but the role
of exopolysaccharides they produce has been overlooked. While
researchers have investigated specific types of EPS of newly described
bacterial strains [15,16], no reports have been published describing
EPS from individual species from RO desalination plants. There are
significant gaps in knowledge about the nature of the polysaccharides,
their physical properties and chemical composition that enable bacteria
to survive under harsh conditions within the plant. Although one recent
study found some interesting facts on marine bacterial polysaccharides
of extreme habitats [17], to the best of our knowledge, there is no
information on exopolysaccharides of full-scale SWRO systems. We
have previously demonstrated that free radical generating compounds
effectively disperse biofilms and improve flux by targeting polysacchar-
ides on industrially fouled membranes [18]. It has also been established
in our laboratory that purified bacterial polysaccharides derived from
Pseudomonas isolates of the full-scale plant, fouled membranes more
severely in RO systems compared to FO [19].
To better understand the chemical composition of naturally occur-
ring EPS, the objective of our study was to characterize high-molecular
weight (> 12 kDa), slime exopolysaccharides purified from twenty-five
model bacterial isolates of a full-scale desalination plant in Western
Australia (PSDP). Particular emphasis was given to the detection of
specific sugars like uronic acids, fucose and rhamnose that may impart
better structural strength to the EPS. Within the desalination plant,
environmental stressors such as high pressure, salinity, fluid dynamic
forces and temperature fluctuations may have selected novel or
resistant organisms capable of producing unusual polysaccharides that
are better adapted to harsh conditions. Some polysaccharides contain-
ing rare monomers like L-fucose, L-rhamnose and uronic acids have
superior biofilm forming abilities due to stronger chemical structures
[20]. Fucose containing polysaccharides of marine bacteria are known
to have viscoelastic properties and also good emulsion stabilizing
ability [21]. Rhamnose is predominant in sphingans and gellans,
polysachharides produced by sphingomonads. Sphingans are character-
ized by strong physical integrity and irreversible attachment abilities
owing to their glycosphingolipids and uronic acids. In our preliminary
study, the predominance of sphingomonads and other glycosphingoli-
pid-producing bacteria in the membrane biofilm community strongly
suggested their EPS play a prominent role in membrane biofouling
[22]. However, they could not be isolated in culture. This study
investigates the presence of unique or rare components in the chemical
structure of bacterial exopolysachharides from our model strains, to
find out if there were similarities between the model polysaccharides
and sphingans.
This paper presents information on the chemical composition of key
high-molecular weight slime exopolysaccharides fouling on SWRO
component systems, which is a valuable contribution to scientific
knowledge on biofouling mechanisms. It would be ideal to determine
the chemical structure of individual EPS components, but due to
difficulty and time involved in EPS extraction and purification,
characterization was done by analysing component monosaccharides,
which form the backbone structure of the EPS molecules.
2. Materials and methods
Bacterial strains isolated from the Perth Seawater Desalination Plant
(PSDP) in Western Australia were selected as models for the evaluation
of polysaccharides. The design of the plant consists of a i) pretreatment;
ii) prefiltration stage consisting of two banks of 12 pressure dual media
filters (anthracite + sand) and two banks of 7 cartridge filters, each
fitted with 360 cartridges (5 μM pore size); and a iii) reverse osmosis
stage consisting of a double pass; 1st pass consists of 12 trains with 162
pressure vessels each and 2nd pass consists of 6 trains with 124 pressure
vessels each. Materials used for the study included bacterial isolates
from samples of raw seawater (RSW), sand/dual media prefilters (S),
cartridge filters (C), filtered seawater (FSW), and RO membranes (RO)
of PSDP. The RO membranes used in the present study were autopsied
after their lifespan of 7 years in the full-scale plant. The membranes
were also analysed in our related studies involving a) next-generation
sequencing analysis of biofilm bacterial communities [22], b) isolation
of bacteria and selection of model strains for characterization of their
polysaccharides and biofouling studies [23], and c) confocal laser
scanning microscopy (CLSM) imaging studies of biofilms stained with
FITC-conjugated ConA, for the investigation of the effect of free radical
generating compounds that alleviated membrane biofouling by degra-
dation of biofilm polysaccharides [18].
Preliminary work involved selection of representative biofouling
bacterial model strains as described in our recent study [23]. Triplicates
of 10 mL aliquots were sampled from each of 2 L volumes of raw,
filtered and polished seawater samples collected. Triplicates of 2 g
aliquots were sampled from each of sand, cartridge and membrane
samples. All samples were grown in 30 mL each of enrichment media;
Marine Broth (BD Difco) and Tryptone Soy Broth (Sigma-Aldrich), and
incubated at 25 °C for 4–5 days with shaking. Liquid cultures were
streaked onto following solid media; R2A agar (Thermo Scientific),
Tryptone Soy Agar (Sigma-Aldrich) and Zobell's Marine Agar (BD Difco)
and incubated at 25 °C for 3–4 days. Resulting bacterial growth was
subcultured up to three times under the same incubation conditions
until single pure colonies were isolated. Over 60 distinct types of
colonies were isolated in pure culture [23].
Identification of strains was done either to genus or species level by
using more than two methods, namely phenotypic bacterial
Identification based on the biochemical test kit Biolog Gen III, Matrix
assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOF MS) and 16S rRNA gene sequencing. Due to restricted
genetic and protein profile database of environmental bacteria, espe-
cially those of the desalination process, one method was not sufficient
to identify all isolates. A combination of three methods was used and
after careful comparisons and evaluation of results, the most accurate
identifications were achieved. The 16S rRNA gene sequencing method
successfully identified most isolates at a genus level and a few at species
level. Accurate species level identifications were achieved by MALDI-
TOF. Biolog Gen III provided a comprehensive biochemical profile of all
isolates; however identifications were not as efficient as the previous
two methods [23].
Isolates were then compared to the biofilm community on RO
membranes autopsied after reaching their complete life span of 7 years
in the full-scale plant. The bacterial community profile was generated
by next-generation sequencing using Illumina MiSeq (Illumina) [22].
Based on comparative evaluation of culture library and next-generation
sequencing data, suitable models were selected from a collection of 64
isolates. All the model isolates characterized in the present study,
regardless of where they were isolated, have been identified on the
membrane biofilm community and they are likely to play an important
direct or indirect role in RO membrane biofouling. Strains were selected
on the basis of phylogenetic diversity across the culture collection to
best represent the prevalent biofilm bacterial community found on RO
membranes, ensuring that bacteria were also selected from every
possible location of the full-scale desalination plant that polysacchar-
ides could arise from. Twenty five isolates were tested for biofilm and
lectin assays while only 14 strains were characterized by FTIR and
HPAEC-PAD due to practical difficulties in producing sufficient quan-
tities of dried purified exopolysaccharides for analysis. Standard
methods used for exopolysaccharide characterization are listed in
V. Nagaraj et al. Chapter 5
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Supplementary Table 1 and bacterial strains selected for different
assays in Supplementary Table 2. The range of bacterial isolates
characterized were a good representative of the diversity of cultured
isolates.
2.1. Extraction and purification of extracellular polysaccharides
Pure cultures of each bacterial isolate were grown in 1 L of either
Marine Broth (BD Difco) or Tryptone Soy Broth (Sigma-Aldrich) at
25 °C for 6 to 7 days with shaking. Extraction and purification of EPS
was done as per the method of Bales and colleagues [24] with the
following modifications. Centrifugation conditions were as follows; cell
suspension — 16,000 rpm at 4 °C for 30 min in a refrigerated floor
centrifuge (Beckman-Coulter Avanti J-E with J-LITE® JLA-16.250
Rotor, 6 × 250 mL, 16,000 rpm, 38,400×g); TCA mixture-
14,000 rpm for 30 min at 4 °C; Acetone mixture-16,000 rpm for
30 min at 4 °C. Supernatant containing soluble exopolysaccharides
was filtered through 0.45 μM filters (Corning). Standing time on ice
for TCA precipitation was modified to 1 h. Three volumes of cold
acetone was used for EPS precipitation. The exopolysaccharide pellet
was resuspended in 10 to 20 mL of Milli-Q water and dialysed against
distilled water in a beaker for 72 h using a 12 kDa MWCO membrane
(Sigma), employing replacement with fresh distilled water at 12 hourly
intervals. Dialysis removed residual acetone, salts and low molecular
weight impurities. Pure exopolysaccharide suspension was aliquoted
into 1 mL volumes in Eppendorf tubes and then vacuum dried in a
SpeedVac centrifugal evaporator (Savant) at refrigeration temperature.
Dry weight of each of the purified exopolysaccharide samples was
recorded. Purified and dried exopolysaccharide samples were preserved
at −20 °C until further analysis for FTIR and Ion Chromatography.
2.2. Biofilm and enzyme linked lectin assay
2.2.1. Biofilm assay
A crystal violet biofilm assay was performed in duplicate to assess
biofilm producing ability of bacterial strains as per the method
described by O'Toole [25] with modifications. Biofilms of each strain,
at a concentration of 5× 107 CFU/mL were grown in 100 μL of either
Marine Broth (BD Difco) or Tryptone Soy Broth (Sigma-Aldrich) in a 96
well microtitre plate with shaking for 3 days at 25 °C. A control was
included which consisted of sterile growth media without bacterial
cells. Replicates of 8 wells were used for each treatment. Following
incubation for 3 days, optical cell density was measured at 570 nm
wavelength in a spectrophotometer (Perkin-Elmer UV/VIS Spectro-
meter Lambda 20). Broth was discarded by inverting the plate and
wells rinsed twice with sterile phosphate buffered saline (PBS). One
hundred microlitres of 99% methanol was added to each well and
incubated at room temperature for 15 min. Methanol was discarded and
the plate air dried. Crystal violet solution at a concentration of 0.5% in
ethanol was added to each well in 100 μL volume and stained for
20 min. Wells were then rinsed with sterile distilled water thrice to
remove unbound crystal violet. Then‚ 33% acetic acid was added to
release the bound crystal violet. Optical density of biofilms and control
was measured at a wavelength of 595 nm. Average values of biofilm
density were calculated from duplicate assays. All control readings were
normalized to a value of 1 to enable comparisons. Statistical analysis
was conducted using a paired t-test to compare bacterial biofilms that
were significantly higher than control at 95% confidence (Supplemen-
tary Table 3).
2.2.2. Enzyme linked lectinsorbent assay
The assay was performed as per the method described by Leriche
and coworkers [26] with the following modifications. Briefly, perox-
idase-labeled ConA from Canavalia ensiformis (jackbean; Sigma) and
peroxidase-labeled lectin from Ulex europaeus (gorse, furze; Sigma)
were each reconstituted in sterile phosphate-buffered saline (pH 6.8)
(Sigma) containing 0.05% Tween 20 (vol/vol) to make up a stock
solution of 100 μg/mL and stored at−20 °C until use. After preliminary
tests, working solution concentrations for lectin assays were standar-
dized to 10 μg/mL for ConA and 2 μg/mL for Ulex. Duplicate assays
were performed. Bacteria were grown as described in Section 2.2.1.
Control wells consisted of sterile broth with no bacterial cells. After
3 days of incubation, wells were emptied. Excess non-specific binding
sites were blocked by incubation in 100 μL PBS containing 2% Tween
20 (vol/vol) for 2 min at 20 °C. Wells were rinsed twice with sterile
PBS. One hundred microliters of either peroxidase-labeled lectins ConA
or Ulex at concentrations of 10 μg/mL and 2 μg/mL respectively were
added to eight wells of each bacterial strain. Controls were submitted to
the same binding procedure, but to measure nonspecific binding (empty
wells) and in the presence of sterile growth media. Some bacteria
produce peroxidase enzyme [27] endogenously, this may cause oxida-
tion of substrate OPD, leading to false positive reactions. To overcome
this, we included negative controls with bacterial cells and substrate
(no lectin) and it was confirmed that low levels of endogenous
peroxidase activity was evident in some species, but was not significant
enough to interfere with peroxidase linked lectin assay at the concen-
trations of lectins standardized in our assay.
Plates were incubated at room temperature for 2 h and subsequent
steps were followed as per the reference method. The substrate used
was o-Phenylenediamine dihydrochloride (OPD; Sigma) (100 μL vol)
was freshly reconstituted as per the manufacturer's instructions, to
achieve final concentrations of 0.4 mg/mL OPD, 0.4 mg/mL urea
hydrogen peroxide, and 0.05 M phosphate-citrate, pH 5.0. The reaction
development time was 30 min in darkness. OPD yields a water soluble
yellow-orange product when reacted with peroxidase. As the lectin was
conjugated to peroxidase, any colour change indicated lectin binding.
Absorbance of wells was measured at 450 nm wavelength in a plate
reader spectrophotometer (Perkin-Elmer UV/VIS Spectrometer Lambda
20). ConA binds to terminal α-D-glucose and α-D-mannose while Ulex
binds to α-L-Fucose in biofilm polysaccharides. Biofilm growth was also
determined for the bacterial strains, as mentioned in Section 2.2.1 to
assess whether the amount of polysaccharides was related to the
amount of biofilms produced. The quantity of polysaccharides adsorbed
to the wells, which contained the specific sugar moieties, was propor-
tional in turn to the absorbance of the lectin and action of the enzyme
(peroxidase) reporter on the substrate (OPD) supplied. Average values
of absorbance were calculated for each of the bacterial isolates and
control. To correct for any nonspecific lectin binding to the wells,
average absorbance of controls in sterile media was normalized to a
value of 1. Statistical analysis of paired t-test at 95% confidence level
was performed to determine the bacterial strains which had absorbance
values that were significantly higher than the control (non-specific
binding) (Supplementary Table 3).
2.3. High performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD)
2.3.1. Preparation of monosaccharide standards and samples
The neutral monosaccharides used to prepare standards were
fucose, rhamnose, mannose, glucose, galactose, xylose, ribose, and
the acidic monosaccharides were galacturonic acid and glucuronic acid
(Sigma Aldrich). Each sugar was dissolved in sterile deionized water
and filtered through Minisart filters of 0.2 μm pore size (Sigma Aldrich)
to constitute standard concentrations of 0.01 ppm (0.01 μg/mL),
0.05 ppm (0.05 μg/mL), 0.1 ppm (0.1 μg/mL) and 1 ppm (1 μg/mL)
for calibration. Standards were used individually and combined to
ensure accurate calibration curves.
For acid hydrolysis of bacterial polysaccharides, the method de-
scribed by Talaga and colleagues [28] and Zhang and colleagues [29]
was followed. Bacterial exopolysaccharides from each of the 14
different strains were weighed individually and 1 mg of exopolysac-
charide was dissolved in 400 μL of 2 N triflouroacetic acid (TFA)
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(Sigma) to achieve a final concentration of 2.5 mg/mL, and incubated
at 120 °C in an oven for 2 h. Most of the acid evaporated during this
process; excess TFA was removed using a pipette and hydrolysates dried
in a SpeedVac concentrator (Savant). The hydrolyzed, lyophilized
polysaccharides were redissolved in 1 mL of sterile deionized water to
make up a 1000 ppm stock solution (1 mg/mL). For ion chromatogra-
phy, the solutions were diluted to a 5 ppm concentration in a 300 μL
volume of deionized water, filtered through 0.2 μM filters (Sigma) and
transferred to auto-sampler vials (Thermo Scientific).
2.3.2. Ion chromatography
Chromatography of standards and samples was performed using a
Dionex ICS-5000 DC (Thermo Scientific) system coupled with a Dionex
AS-AP auto sampler. Separations were performed on a CarboPac PA10
(2 mm× 250 mm) analytical column (Thermo Scientific) with a guard
column (4 mm× 50 mm). Solvent A was water, Solvent B was 90 mM
NaOH, Solvent C was a mixture of 90 mM NaOH and 500 mM NaOAc,
and Solvent D was 500 mM NaOH. The following gradients were used
across a run time of 45 min; 0 to 14 min – 99% Solvent B and 1%
Solvent C, 14 to 23 min – 80% Solvent B and 20% Solvent C, 23 to
33 min – 50% Solvent B and 50% Solvent C, 33 to 36 min – 48% Solvent
B, 2% Solvent C and 50% Solvent D, 36 to 45 min – 98% Solvent B and
2% Solvent C. Injection volume used was 10 μL and flow rate was
0.2 mL/min. Data were collected and analysed using Dionex -
Chromeleon software (version 7.1).
Calibration of standards formed linear graphs and the amount of
standard detected was consistent with the concentration used e.g.;
combined standard containing 1 ppm of each sugar, when analysed
contained 1 mg/L of each sugar. The original quantity used for analysis
was 1 mg of bacterial exopolysaccharides. Therefore, based on data
generated and comparison of peaks in sample chromatograms to those
of standards, the amounts of individual monosaccharides detected in
bacterial exopolysaccharide samples were calculated in millimoles and
percentage weight per milligram of exopolysaccharide.
2.4. ATR-FTIR
Solid vacuum dried samples of exopolysaccharides were subjected
to Attenuated total reflection-Fourier transformed infrared (ATR-FTIR)
spectroscopy with a diamond internal reflection element (Perkin-Elmer,
Spectrum Two IR) to determine functional groups of polysaccharides.
The wavelength range used for reading the spectra was 550 to
4000 cm−1.
3. Results and discussion
3.1. Extraction and purification of exopolysaccharides
The yield of purified exopolysaccharides from different isolates
varied, with polysaccharide production ranging from 90 mg to 480 mg/
L broth culture (Supplementary Table 2). Some bacterial isolates did
not produce sufficient quantities of extracellular polysaccharides
(< 130 mg/L) in either marine broth or tryptic soy broth, therefore,
insufficient material was available for Ion Chromatography and FTIR
assays. However, selection of bacteria for the latter assays encompassed
the phylogenetic diversity of all the genera that were cultured and all
the locations across the full-scale desalination plant from which
bacteria were isolated. Strains subjected to various assays and their
yields of exopolysaccharides are presented in Supplementary Table 2.
3.2. Biofilm and enzyme linked lectin assay
Bacterial isolates showed differences in their biofilm formation and
lectin binding abilities (Fig. 1). Majority of strains tested formed
biofilms well, measured by absorbance. Of the 25 isolates, 21 strains
produced biofilms to a significantly higher degree when compared to
control (Supplementary Table 3). ConA bound to 11/25 bacterial
strains, indicating the presence of glucose and/or mannose. Ulex bound
to a higher number, 23/25 isolates indicating the presence of fucose in
their EPS structure. Level of absorbance in these strains was also
significantly higher than control wells with media and no bacterial
cells, indicating that resulting absorbance was mainly due to presence
of sugars and not due to nonspecific binding. Results of the assay are
presented in Fig.1.
Among the raw seawater isolates, RSW8 showed highest biofilm
forming ability and fucose levels in their EPS, while RSW12 had highest
ConA binding ability suggesting the presence of relatively high amounts
of glucose and mannose in comparison to other RSW isolates (Fig. 1).
Both RSW12 and RSW14 belong to Pseudomonas; however there were
differences in their lectin binding abilities suggesting variability in
chemical composition of their exopolysaccharide structure.
Among the sand filter isolates, S8 produced the highest amount of
biofilm and fucose among not only the sand filter isolates but all 25
isolates tested in the assay. Similarly, S1 displayed the highest ConA
binding ability suggesting the presence of highest amounts of glucose
and mannose among all bacterial strains.
Among the cartridge filter isolates, C19 exhibited the highest
biofilm production, while C4 exhibited relatively highest amounts of
lectin binding capacity suggesting high amounts of glucose, mannose as
well as fucose in their extracellular polysaccharides. It was interesting
to note that both isolates belonged to the same genus, Bacillus.
The filtered seawater isolate FSW6 produced moderate quantities of
biofilm and fucose while Con A binding ability was minimal.
Among the RO membrane isolates, RO27 exhibited the highest
biofilm forming ability while RO28 indicated the presence of high
amounts of glucose, mannose and fucose.
Although Pseudomonas species were among the most prevalent
culturable isolates across all locations in the desalination plant, biofilm
production and lectin binding efficiency was not particularly high.
These differences among Pseudomonas species are further discussed in
Section 3.5.
As an overview of all bacterial isolates assayed, biofilm production
was not directly related to amounts of glucose, mannose or fucose
detected in extracellular polysaccharides, by the enzyme-linked lectin
assay. It was of interest to note that Bacillus (S5, C19) and
Microbacterium species (RO27) produced the highest amount of biofilms
but did not necessarily have a direct relation to the quantity of
monosaccharides detected. This may suggest that glucose and mannose
despite being the most commonly found sugars, do not appear to
directly indicate the biovolume of the EPS matrix. The discrepancy
between the results obtained by crystal violet staining and ConA
binding may be attributed to their differences in specificity. The crystal
violet stains all the biofilm components including polysaccharides,
proteins, cells and other extracellular polymeric substances, but in the
enzyme-linked lectin assay, the lectin binds only and specifically to
certain monosaccharides present on the surface of EPS molecules,
which form only part of a major EPS structure. Our results support
previous evidence that biofilm production by food microbes is not
proportional to their glucose levels detected by ConA peroxidase [26].
L-Fucose was present in the EPS of all strains except Rhodococcus
(C5) and across all locations of sampling. The highest quantities were
detected in Bacillus species (S5, C4) and Exiguobacterium species (S8). L-
Fucose is a rare sugar that has been reported to be present in
polysaccharides of marine bacteria such as Enterobacter species.
Fucose containing polysaccharides are known to have viscoelastic
properties and good emulsion stabilizing ability [21]. Presence of
fucose in most of our isolates suggested that fucose containing bacterial
polysaccharides may have a significant role in RO membrane fouling.
Fucose may enhance the stickiness of polysaccharides but may be less
effective in increased production of polymers, compared to other
sugars.
V. Nagaraj et al. Chapter 5
171
3.3. High performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD)
Ion chromatography profiles of individual bacterial exopolysacchar-
ides varied in monosaccharide constituents. Monosaccharide standards
comprised fucose, rhamnose, mannose, glucose, galactose, xylose,
ribose, glucuronic acid and galacturonic acid. They separated efficiently
on the chromatogram and linear calibration curves were obtained.
Pulsed amperometric detection response ranged from retention peak
heights of 5 to 180 nano coulombs (nC). Chromatographic spectra
showed that all standards separated at specific retention times.
Mannose, galactose, glucose and xylose standards were not differen-
tiated very well into distinct peaks as they separated at similar retention
time of 4.11, 4.13, 4.20 and 4.40 min respectively. Separation was
complete within 25 min (Supplementary Fig. 1).
All the isolates had characteristic peaks for mannose, galactose,
glucose and xylose close to each other with very small differences in
their retention times (Supplementary Fig. 1). Quantity of neutral
monosaccharides detected were relatively low (Supplementary
Table 4), probably because structural configurations of these sugars
are closely related to each other, so their separation in the column may
not have been complete. Glucose and mannose are closely related
sugars, differing only in axial equatorial configuration of their hydroxyl
groups [30].
Amounts of individual monosaccharides quantified in millimoles
per milligram of exopolysaccharide are presented in Fig. 2 and
Supplementary Table 4. The relative percentage weight composition
of identified and unidentified sugars (others) are presented in Fig. 3 and
actual weight in micrograms depicted in Supplementary Table 5.
Ion chromatography results were analysed with respect to mono-
saccharide composition in each of the genera and locations, and also to
determine important monosaccharides that may have a critical role in
survival mechanisms of SWRO foulants. Pseudomonas (RSW12, FSW6)
and Arthrobacter (RO18) had galactose as the predominant monosac-
charide (Fig. 2). Of these, exopolysaccharides of RSW12 was used to
experimentally foul RO and FO membranes in our previous study and it
was demonstrated that permeate flux reduced significantly due to
exopolysaccharide deposits on the membrane [19]. This clearly in-
dicated that bacterial exopolysaccharides can cause biofouling by itself
without bacterial cells and are important components of biofilms.
Recent research on Pseudomonas flourescens biofilms reported that their
galactose-rich EPS was very complex in structural and conformational
properties and occupied> 65% of the biofilm surface, had broad
symmetrical distributions of contour length and stronger adhesion
forces [31]. In our study, the presence of galactose was evident in
isolates C4, C13, FSW6, RO16, RO18, RO22 and RO28 (Fig. 2). The
exopolysaccharides of RSW12, FSW6 and RO18 was particularly rich in
galactose and may have similar properties as described in these
aforementioned reports. Moreover, RSW12 and FSW6 formed a part
of the planktonic community in raw seawater and filtered seawater; the
strong adhesive forces and larger surface coverage conferred by
galactose may be crucial for their strong attachment to membrane
surfaces and survival under extreme conditions of the desalination plant
Fig. 2.
A recent review reported that rare sugars like fucose, rhamnose and
uronic acids may provide exopolysaccharides with particular biological
properties not evident in those with common sugars such as glucose and
mannose [20]. Polysaccharides containing rare sugars were suggested
to have superior functional abilities of thickening, film forming, gelling,
emulsion stabilizing and flocculation [32]. These sugars have pre-
viously been associated with marine bacterial exopolysaccharides [33].
In our study Pseudomonas koreinsis (RO22) and Paracoccus (RO28)
had fucose as their predominant monosaccharide. Fucose was also
present in Pseudomonas marincola (RSW12), Exiguobacterium (S8),
Arthrobacter (RO18), Pseudomonas (RO23) and Staphylococcus (RO25).
It was observed that fucose was mainly present in exopolysaccharides of
bacteria isolated from raw seawater, sand filters and RO membranes but
not cartridge filters. Production of fucose by Enterobacter is known to
increase at pH 6–8 and temperature 25–30 °C [34]. These conditions
are very similar to the internal environment of the desalination plant,
which may explain the role of fucose producing bacteria in biofouling
in this study.
Fig. 1. Bar graph representing normalized average absorbance values ± SE, calculated from 16 readings (8wells × duplicate) in biofilm (solid colour fill), Con A (dotted pattern) and
Ulex (vertical lines) lectin assays of sterile broth (control) and of bacterial cultures isolated from Raw seawater (RSW), Sand filter(S), Cartridge filter(C), Filtered seawater (FSW) and RO
membranes (RO).
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In our study, rhamnose was detected in Pseudomonas (RSW12,
RSW14, RO22, FSW6), Bacillus (C4), Rhodococus (C5) and
Arthrobacter (RO18). Sphingans are a group of rhamnose rich poly-
saccharides produced by sphingomonads [35,36]. It has been suggested
that the presence of rhamnose or mannose at the end of repeating units
is the characteristic feature of sphingans [37]. In our study,> 50% of
the isolates analysed had either fucose or rhamnose or both along with
glucuronic and galacturonic acids. These sugars are common to
sphingan polysaccharides and it is crucial to emphasize that the
sphingomonads or glycosphingolipid-producing bacteria formed a sub-
stantial proportion (> 25%) of the biofilm community profile on RO
membranes from the full-scale desalination plant [22]. The existence of
rare sugars in our isolates, common to sphingans, strongly suggested
that, like sphingans, these EPS may have superior attachment ability,
better physical integrity and stronger polysaccharide structure than
other bacteria, which may enable them to survive under highly saline
conditions and high pressure.
Chromatography results revealed the presence of either one or both
of the uronic acids, glucuronic acid and galacturonic acid in all isolates.
Of these, Pseudomonas (RO22) exhibited particularly high amounts of
galacturonic acid (Fig. 2). Uronic acids have been closely associated
with exopolysachharides of marine bacteria and constitute 20%–50% of
exopolysaccharides [33]. The acidic carboxyl group in the uronic acid
gets ionized at the pH of seawater, and imparts a negative charge to the
polymer [38]. The negative charge of the polysaccharides is responsible
for their sticky or adhesive nature, as they attract metallic cations such
as sodium, iron or calcium dissolved in water [39]. The presence of
uronic acids in our isolates suggested that these polysaccharides would
be in a polyanionic state within the seawater environment of the
desalination system and therefore‚ possess better adhesive properties
which select them for attachment on membrane surface. Exopolysac-
charides with high galacturonic acid content are resistant to degrada-
tion by other microbes and enable survival of bacteria for longer
periods in marine environments [40]. High concentrations of galac-
turonic acid in RO22, suggested that it may be one of the resistant
organisms that survive efficiently in harsh conditions. The reason may
be that enzymes produced by other microbes to hydrolyse the exopo-
lysaccharides have to be highly specific. The specificity of these
degrading enzymes is determined by the carbohydrate structure of
the EPS, mainly uronic acids [41]. As RO22 is a heteropolysaccharide
with high galacturonic acid content, it demands a wide range of
enzymes to degrade the polysaccharide structure, which confers
resistance of these polysaccharides against microbial enzymes. It is
interesting to note that most of our isolates were heteropolysaccharides
consisting of a wide range of neutral sugars, along with uronic acids
which may increase the ability of these microbes to survive for long
periods in mature biofilms within the full-scale plant.
Glucose and mannose were present together or individually in most
of the isolates, with mannose being more prevalent. Pseudomonas
(FSW6) consisted of the highest amounts of mannose and glucose when
compared to other bacterial exopolysaccharides (Fig. 2). Glucose was
detected in Cytophaga (C10), Pseudomonas (FSW6), Microbacterium
(RO16) and Paracoccus (RO28). It has been suggested in a research
study that EPS of a halophilic marine bacterium with glucose as the
main component sugar, had the most turgid or voluminous EPS
structure at pH 8.8, which is close to seawater. The study also reported
that glucose containing EPS molecules were highly plastic and flexible
across a wide range of pH [42]. Based on this evidence, it may be
hypothesized that our bacterial isolates containing glucose are well
adapted to the shear forces and high pressure in the desalination
system, owing to their structural stability and plasticity. Predominance
of mannose was documented in the exopolysaccharide of a Pseudoalter-
omonas strain isolated from sea ice [43]. The exact role of mannose is
still not known but it has been associated with tolerance of EPS to
hypersaline conditions.
Ribose was present in the exopolysaccharides of all bacteria, the
highest quantity being detected in Pseudomonas (RO22). Xylose was
detected in the exopolysaccharide of Pseudomonas (RSW12),
Rhodococcus (C5), Cytophaga (C10), Arthrobacter (RO18), Pseudomonas
(RO22, RO23) and Paracoccus (RO28). Ribose is a sugar found
abundantly in nature. Both ribose and xylose have been associated
with marine bacterial EPS [33,44] as one of the commonly occurring
pentose sugars present. Their precise ecological role is still poorly
understood.
The quantification of monosaccharides in the chromatograms may
have been relatively low due to a larger proportion of unidentified
Fig. 2. Quantity of monosaccharides (millimoles) depicted up to 1 mM, present in one milligram of bacterial exopolysaccharide. Monosaccharides present in amounts> 1 mM are labeled
above their corresponding data bars.
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monosachharides (Fig. 3) which were not included in the standards
used for this study, but separated in the columns during elution. There
were well defined peaks at the retention time range of 14–15 min in
some isolates such as RSW14, C4, C5,C10,C13 and RO16 (Supplemen-
tary Fig. 1). These peaks may be attributed to a monosachharide
component such as amine sugars that may either have interfered with
complete hydrolysis of neutral and acidic sugars or may be the result of
amplified signals due to lower levels monosaccharides tested. Another
reason may be the presence of incompletely hydrolysed oligosacchar-
ides with glycosidic linkages constituting the heterogeneous polymeric
structures. The possible reasons for difficulty in hydrolysis are de-
scribed in Section 3.5.
3.4. ATR-FTIR
The ATR FTIR spectra of all the bacterial polysaccharides were
mostly similar with a few key differences in bands. The normalized
spectra are shown in Supplementary Fig. 2 and functional groups of
exopolysaccharide structure represented by the bands are described in
Supplementary Table 6.
Findings on the presence of certain monosaccharides by FTIR
spectral analysis corroborated with the results of lectin assay and
HPAEC-PAD analysis. Double bands in the region 2850 to 2960 cm−1
of the FTIR spectra of some isolates correspond to the stretching
vibrations of methylene groups in glucose, galactose, rhamnose or
fucose [45] (Supplementary Table 6). The strains that exhibited these
bands were RSW12 (Supplementary Fig. 2a), C4, C5 (Supplementary
Fig. 2b), C13, FSW6 (Supplementary Fig. 2c), RO16, RO18, RO22
(Supplementary Fig. 2d), and RO23 (Supplementary Fig. 2e). In
agreement with these results, the lectin assay detected glucose in
RSW12, C4, C13, RO16; and fucose in RSW12, C4, C13, RO16 and
RO18 (Fig. 1). HPAEC-PAD also confirmed the presence of glucose in
FSW6 and RO16; galactose in RSW12, C4, C13, RO18; rhamnose in
RSW12, C4, C5, FSW6, RO18, RO22; and fucose in RSW12, RO18 and
RO22 (Fig. 2).
FTIR spectral bands in the region 944 cm−1 to 1030 cm−1
suggested the presence of glucose [46] in the exopolysaccharide of
S8, C5, C10, C13, FSW6, RO18, RO25 AND RO28 (Supplementary
Fig. 2, Supplementary Table 6). The lectin assay corroborated with
some of the aforementioned results by detecting glucose in S8 and
RO28 (Fig. 1), while HPAEC-PAD analysis also partially agreed with the
FTIR results by detection of glucose in FSW6 and RO28 (Fig. 2).
Spectral bands in the region 815 cm−1 indicated the presence of
mannose [47] in the FTIR spectra of C4, RO16, RO18 and RO22
(Supplementary Fig. 2, Supplementary Table 6). Mannose was also
detected by the lectin assay in the exopolysaccharide of C4 and RO18
(Fig. 1) and by HPAEC-PAD in the EPS of C4, RO16 and RO22 (Fig. 2).
Generally, the results of FTIR corroborated with those of lectin assay
and ion chromatography with respect to detection of monosaccharides,
with few exceptions as mentioned above, suggesting the reliability of
these assays performed together. The results indicated that all the
bacterial exopolysaccharide analysed were heteropolysaccharides con-
taining uronic acids that conferred them a polyanionic nature.
Additionally, specific components and functional groups such as nucleic
acids, amides, sulphates and phosphates were detected (Supplementary
Table 6). Sulphate and phosphate groups in the FTIR spectra of Bacillus
(C4), Exiguobacterium (S8), Microbacterium (RO16) and Pseudomonas
(RO22) also render a negative charge to the polysaccharide structure,
making them highly adhesive [48].
ATR-FTIR by itself is not the more efficient method to characterize
monosaccharides in a complex polysaccharide; therefore, it was used as
one of the tools to determine the chemical structure of key bacterial
exopolysaccharides in support of other analytical methods, mainly ion
chromatography. The FTIR bands represent the functional groups of the
molecular structure.
As mentioned earlier, bacterial EPS consist of two types of polymers,
the capsular EPS, which are tightly bound to the cell wall and loose,
free-floating soluble EPS, otherwise known as slime. We were particu-
larly interested in the exopolysachharides comprising the loose slime
which can be transported easily from upstream locations by the
hydrodynamic forces of the feed water. Therefore, our extraction and
purification method was adapted to exclusively focus on just the high-
molecular-weight soluble polysaccharides, which form the backbone of
the exopolysaccharide structure to which, capsular polysaccharides,
proteins and nucleic acids attach [24]. Our study was based on the
hypothesis that these soluble exopolysachharides may play a substan-
tial role in preconditioning the membrane surface and subsequent
biofilm formation by attracting foulant bacteria and their products.
As per previous literature that describes standard method of
separation of proteins [49], the concentration of 20% TCA used,
removes 97% of protein from the bacterial EPS without affecting the
polysaccharide concentration; increasing the concentration of TCA up
to 25% does not improve separation further. Since extracellular DNA is
also proteinaceous in nature, it is apparent that those bacterial EPS with
higher protein content or glycoprotein in nature, would exhibit bands
specific to proteins in their respective polysaccharide spectra. There is
Fig. 3. Relative percentage composition of monosaccharides identified by ion chromatography‚ and other sugars (not identified) present in one milligram of bacterial exopolysaccharide.
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other recent supporting evidence that irrespective of EPS extraction and
purification methods, protein and DNA were detected along with
carbohydrates in the EPS of Sulfolobus acidocaldarius [50]. Protein
was also detected in the FTIR spectra of loosely bound and soluble EPS
of activated sludge [51].
Sulphates and phosphates are commonly found in structures of EPS's
produced by marine bacteria, as substituents to monosaccharides,
amine sugars or uronic acids suggesting their acidic nature [52]. As
these radicals are integrated into the molecular structure of the
polysaccharide chain, they were detected in the FTIR spectra.
3.5. General discussion
Our isolates from the full-scale desalination plant belong to an
environment characterized by extreme conditions of high salinity, high
pressure, dynamic flow rates of water, intermittent fluctuations in
temperature, pH and exposure to cleaning chemicals. Results of all
three assays corroborated with each other and strongly suggested the
presence of monosaccharide components that impart superior biofilm
forming abilities to their exopolysaccharides.
Most marine exopolysaccharides are heteropolysaccharides, com-
prising of monosaccharides such as pentoses; namely arabinose, ribose
and xylose; hexoses such as glucose, galactose, mannose, allose,
rhamnose, fucose; uronic acids such as glucuronic or galacturonic acid;
and amine sugars like glucosamine and galactosamine [52]. A study on
polysaccharides present in seawater revealed the dominance of glucose,
galactose, mannose, xylose and fucose [53]. It has also been reported
that organisms isolated from hyper saline environments comprised of
mainly glucose, galactose and mannose as neutral sugars along with
uronic acids rendering them polyanionic in nature [17]. In our study,
the detection of key monosaccharides that may be critical in biofouling
of SWRO membranes is supported by the above reports.
It has to be accepted that in the full-scale RO environment, single-
species biofilms are rare, the interactions within and between species,
effects of physical forces such as shear, temperature, etc. adds to the
complexity of the EPS structure on membrane biofilms.
Polysaccharides, apart from being the major macromolecular structural
components of an extracellular matrix [54], also bind ions, proteins,
DNA and other macromolecules, retain water and are largely respon-
sible for structural variations of biofilm matrix, depending on the
immediate environmental factors. However, a simple and consistent
polysaccharide composition is likely to be found in single-species
biofilms under laboratory conditions. In contrast, under full-scale
operational conditions, polysaccharides interact with each other and
with other macromolecules such as proteins, nucleic acids or multi-
valent cations. Although biofilm polymers may be of similar composi-
tion to that of planktonic cells [54], even minor structural differences in
the degree of acylation or molecular mass, would bring about variations
in their physical properties and cause altered viscosity or gel-forming
ability under biofilm conditions [55]. Besides, on the industrial
membranes, biofilms are exposed to physical and chemical stress as
well as biological agents such as phages and polysaccharide degrading
enzymes. The unique physiological conditions on the full-scale mem-
branes may stimulate bacteria to synthesize polysaccharides of novel
composition, different from that of their planktonic state, or repress
synthesis of certain polysaccharides found only in specialised environ-
mental conditions such as those of the laboratory [56].
Despite the above differences between laboratory and full-scale
conditions, there is limited conclusive evidence for the existence of
biofilm specific polysaccharides. This is due to practical difficulties in
extracting sufficient EPS in situ under operational conditions of the
plant. It has to be emphasized that proteins along with other macro-
molecules contribute substantially to membrane fouling [11], impart-
ing the membrane biofilm EPS a heterogeneous nature. In fact, in some
bacterial species or under particular conditions, proteins have been
documented as the most predominant biofoulants [12–14].
However, to gain a better understanding, it is necessary to study the
properties of major individual components (slime exopolysaccharides)
which can be separated easily in liquid cultures. Many of the biofilm
exopolysaccharides are insoluble and not easily separated from cells,
making it difficult to characterize their chemical composition [57,58].
Polysaccharide production is influenced by the expression of specific
genes encoding EPS production, therefore the chemical nature of
specific bacterial exopolysaccharides does not alter under varied
conditions. The ability of bacterial strains to form several chemotypes
of exopolysaccharides is relatively rare. This has been demonstrated by
the use of antibodies prepared against exopolysaccharides from plank-
tonic cells and also by comparison of the enzymic products following
digestion of planktonic and biofilm exopolysaccharides using highly
specific polysaccharases [54].
As it is difficult to determine which bacteria produce which specific
EPS in a mixed-species biofilm, the best possible approach was to select
the most representative biofouling bacteria as models and characterize
their polysaccharide structure, which is a key step in investigating the
most significant components of bacterial polysaccharides that form
biofilms in pure as well as mixed-species conditions.
In our study, some bacterial exopolysaccharides such as C4, S8,
RO16 and RO22 contained phosphates and sulphate components as
detected by FTIR (Supplementary Fig. 2, Supplementary Table 6). There
is evidence that although HPAEC-PAD method with Carbo-Pac10 is
suitable for neutral, acidic and reduced sugars, the monomers contain-
ing phosphate radicals get tightly bound to the CarboPac column and
their elution may need modified methods such as high concentration of
sodium acetate or longer run time [59].
Some of our bacterial exopolysaccharides, for example C4, RO16
and RO22 had glycosidic linkages between monomer units as analysed
by FTIR. The major difficulty with HPAEC-PAD is the complete
hydrolysis and breakdown of these glycosidic linkages to arrive at an
accurate determination of quantities of individual monosaccharides. It
has been suggested that these linkages are stabilized by the carboxyl
groups in polysaccharides containing uronic acids [60]. Uronic acids
were present in the polysaccharides of all our isolates. Therefore, it is
more difficult to break down these polysaccharides than those with only
neutral and amine sugars. In addition, FTIR results also indicated the
presence of nucleic acids in some polysaccharides as in FSW6, RO23,
RO16, and RO18. A previous report suggests that presence of nucleic
acid in polysaccharides make it difficult to hydrolyse with TFA [61].
The FTIR spectra also suggested the presence of amine sugars in
C13, FSW6, RO22, and RO18. We did not include amine sugars as
standards for the monosaccharide analysis, because the PAD lacks
specificity for amine sugars which could lead to an overestimation of
these sugars due to co-eluting compounds [62]. The intensity of Amide I
and Amide II bands in FTIR represents the levels of protein in the
polysaccharide structure. From these results, it was evident that TCA
precipitation successfully removed loosely bound proteins in the
biofilm growth media and bacterial EPS; however they did not affect
the amide groups that are integrated into the exopolysaccharide
molecular structure by strong covalent linkages. Microbacterium sp.
(RO16) had intense bands in this region compared to other bacterial
exopolysaccharides suggesting higher levels of protein (Supplementary
Fig. 2) which makes the polysaccharide less water soluble, leading to
lower levels of neutral and acidic polysaccharides being quantified.
There is evidence that EPS made by Microbacterium sp. is a glycoprotein
having surfactant properties and not a polysaccharide in the true sense
[63]. Our study supported this finding, RO16 exhibited the most intense
bands in FTIR for all characteristic linkage groups of polysaccharides;
however‚ the amounts quantified in HPAEC analysis were not particu-
larly high probably due to the low water solubility.
In this study, we included exopolysaccharides of bacterial isolates
from upstream locations along with those found on RO membrane
surface, as model polysaccharides. From our recent findings, these
bacteria were identified to be predominant on membrane biofilms as
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analysed by next-generation sequencing. The focus of our study was
characterization of the high-molecular weight slime exopolysaccharides
secreted by these bacteria. They form the backbone structure of EPS
molecules [54] and may be transported along feed water as free floating
polymers that eventually lodge themselves on membrane surfaces and
attract adherent bacteria and biofilms. The extraction and purification
methods used may have therefore yielded lower amounts of polysac-
charides, compared to other methods which separate cell-bound
capsular polysaccharides and oligosaccharides along with the soluble
exopolysaccharides.
However, it is not clear if all model bacterial exopolysaccharides,
especially those from upstream locations are directly involved in
membrane fouling. Therefore, in another study conducted in our
laboratory, we used pure exopolysaccharides (no bacterial cells) of
different raw seawater isolates as foulants in bench-scale RO experi-
ments. This was a novel approach as most fouling experiments either
use commercial model foulants or bacterial cells to foul membrane
systems. Exopolysaccharides of strains RSW8 (Marinomonas sps) and
RSW12 (Pseudomonas marincola) caused significant flux decline and
membrane fouling in RO experiments, while exopolysaccharides of
strain RSW14 (Pseudomonas brenneri) did not decrease permeate flux
[19].
Despite belonging to the same genus Pseudomonas, there were
species variations in the fouling potential of RSW12 with high poly-
saccharide content (> 90%) and galactose as its predominant sugar
(Fig. 3), and RSW14 with significantly lower polysaccharide content
(< 10%) (Fig. 3). It was evident from these results that high-molecular
weight polysaccharides have a critical role in fouling. Upon comparison
to commonly used model commercial foulants in the study, exopoly-
saccharides of RSW8 and RSW12 may be regarded as similar to
xanthan, whereas exopolysaccharides of RSW14 is similar to pullulan
with respect to its fouling properties.
However, the above conclusions were based on the fouling beha-
viour of exopolysaccharides from single strains in bench-scale experi-
ments. The fouling potential of bacterial exopolysaccharides in the full-
scale plant depends on several factors such as their relative amounts,
monomeric subunits, 3D arrangements, ionic or electrostatic interac-
tions, sugar-lectin interactions, etc. Besides, proteins, DNA and macro-
molecules other than exopolysaccharides contribute to membrane
fouling in the full-scale system. Although one may expect that most,
if not all single monosachharides comprising the main exopolysacchar-
ides by a single strain would not differ vastly under different conditions,
it cannot be ignored that exopolysaccharides secreted by a multi-species
community in real feed water and flowing conditions may deliver a
different polymeric matrix and exhibit different fouling properties on a
similar monomeric basis.
4. Conclusion
The study provides useful information on the key monosaccharides
and functional groups of the model bacterial polysaccharide structures
that were actually present in a full-scale desalination system. A
combination of lectin assay, ion chromatography and FTIR found some
interesting and novel information on the monosaccharides present in
these bacterial exopolysaccharides, which are likely to enable survival
over long periods in harsh conditions. The most important finding was
the presence of rare sugars in more than half of the bacterial isolates.
These were rhamnose, fucose, glucuronic acid and galacturonic acid.
These sugars also constitute polysaccharides called sphingans produced
by sphingomonads that were highly prevalent in the biofilm community
of the fouled RO membranes in our preliminary studies and also other
recent genetic studies. A handful of studies on microbial communities
involved in SWRO fouling have been documented; however there are
no published reports on the nature of bacterial EPS and their fouling
behaviour in full-scale SWRO desalination systems. The similarities in
composition between our model polymers and that of sphingans
strongly suggested superior physical integrity of the exopolysaccharides
in our isolates. The exopolysaccharide structures had characteristic
features of marine bacterial polysaccharides that have evolved in
extreme environments. These are heterogeneity of sugars, polyanionic
nature, bonds formed by glycosidic linkages, sulphate and phosphate
groups, as well as the presence of amine sugars and amides.
Pseudomonas, the most dominant genus in culture as well as genetic
prevalence, showed differences in the composition of exopolysacchar-
ides between species.
The quantification with ion chromatography may be improved
further for better recovery of monosaccharides, either by slight
modification in methods or use of different columns. The qualitative
information derived from this study on SWRO fouling exopolysacchar-
ides, provides a guideline for future research to be targeted towards
better control strategies. Some of the possibilities are enzymatic
degradation of polysaccharide structure by breaking down specific
bonds such as β-glycosidic linkages or sulphate and phosphate groups,
targeting key sugars such as fucose and uronic acids that appear to
significantly enhance the strength of the matrix structure, or physical
breakdown of biofilm polysaccharides by using chemicals that generate
free radicals, such as reported in our recent study [18].
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Supplementary Table 1: Methods and references used for extraction, purification and characterization 
of bacterial EPS derived from model strains isolated from the full-scale desalination plant 
 
Methods Reference 
Extraction and purification of bacterial EPS : Growth in liquid media, centrifugation to remove 
bacterial cells, Trichloroacetic acid precipitation and centrifugation to remove proteins, cold ethanol 
or acetone precipitation to derive EPS, centrifugation to recover the EPS pellet, followed by 
dissolution in water, dialysis and freeze drying or vacuum concentrating 
[1-3]  
Crystal violet biofilm assay [4] 
Enzyme linked lectin assays, use of lectins Con A1 and Ulex2 for detection of glucose, mannose and 
fucose 
[5-8]1, [7]2 
HPAEC-PAD for characterization of bacterial EPS using monosaccharide standards of neutral and acidic 
sugars 
[9-11] 
ATR-FTIR for characterisation of purified bacterial EPS [12-17] 




Supplementary Table 2:  Bacterial Isolates selected for biofilm and lectin assay, ion chromatography and FTIR based on yield of EPS in mg/L of 
broth 
Source of isolation  Bacterial Identification no. Genus/species Yield of EPS 
(mg/L)  
Biofilm and lectin assay Ion chromatography ATR FTIR 
Raw seawater RSW5 Microbacterium natoriense 90                     9   
RSW8 Marinomonas sps. 105                     9   
RSW12 Pseudomonas marincola 380                     9                  9       9 
RSW14 Pseudomonas brenneri 300                     9                  9       9 
Sand filter S1 Pseudoalteromonas sps. 102                     9   
S5 Bacillus amyloliquefaciens 115                     9   
S8 Exiguobacterium sps. 130                     9                  9       9 
Cartridge filter C4 Bacillus sps. 320                     9                  9       9 
C5 Rhodococcus sps. 300                     9                  9       9 
C10 Cytophaga sps. 290                     9                  9       9 
C13 Pseudoalteromonas sps. 480                     9                  9       9 
C14 Bacillus vietnamensis 95                     9   
C16 Bacillus aquimaris 110                     9   
C19 Bacillus pumilus 120                     9   
Filtered seawater FSW3 Pseudoalteromonas sps 115                     9   
FSW6 Pseudoalteromonas sps. 330                   9       9 
RO membranes RO10 Pseudomonas monteilii 95                     9   
RO12 Acinetobacter Iwoffi 95                     9   
RO16 Microbacterium sps. 300                     9                  9       9 
RO18 Arthrobacter oxydans 260                     9                  9       9 
RO19 Rhodococcus sps 118                     9   
RO22 Pseudomonas koriensis 450                   9       9 
RO23 Pseudomonas monteilii 390                   9       9 
RO25 Staphylococcus saprophyticus 140                     9                  9       9 
RO26 Pseudomonas putida 105                     9   
RO27 Microbacterium sps. 120                     9   
RO28 Paracoccus sps. 450                     9                  9       9 
RO32 Burkholderia sps. 110                     9   




Supplementary Table 3: Average normalised absorbance values of bacterial isolates tested for biofilm 
formation, ConA lectin and Ulex binding assay. The t test results are presented as a colour code, with 
average absorbance values significantly higher than the control, highlighted in yellow (p < 0.05). The 
non-highlighted average absorbance values represent those that were not significantly higher than 
control (p>0.05). 
Strain Normalised Absorbance value  
Biofilm Con A Ulex 
Control 1 1 1 
RSW5/Microbacterium natoriense 3.5 1.5 2.7 
RSW8/Marinomonas sps 6.8 1.3 6.4 
RSW12/Pseudomonas marincola 2.4 2.7 4.1 
RSW14/Pseudomonas brenneri 2.4 1.5 3.2 
S1/Pseudoalteromonas sps 3.7 5.7 2.6 
S5/Bacillus amyloliquefaciens 20.0 2.1 15.2 
S8/Exiguobacterium sps 5.6 2.1 7.8 
C4/Bacillus sps. 7.8 4.4 10.8 
C5/Rhodococcus sps. 1.8 0.8 1.3 
C10/Cytophaga sps. 4.4 1.0 2.8 
C13/Pseudoalteromonas sps. 9.9 0.9 3.6 
C14/Bacillus vietnamensis 2.2 2.6 3.1 
C16/Bacillus aquimaris 2.5 0.7 2.5 
C19/Bacillus pumilus 17.0 3.6 5.0 
FSW3/Pseudoalteromonas sps 3.1 1.9 6.7 
RO10/Pseudomonas monteilii 3.6 2.3 3.3 
RO12/Acinetobacter Iwoffi 1.6 1.4 3.1 
RO16/Microbacterium sps 4.9 0.9 3.7 
RO18/Arthrobacter oxydans 1.6 1.7 4.3 
RO19/Rhodococcus sps 4.8 1.3 4.4 
RO25/Staphylococcus saprophyticus 3.3 0.3 3.6 
RO26/Pseudomonas putida 3.9 2.7 2.1 
RO27/Microbacterium sps 7.5 0.7 3.0 
RO28/Paracoccus sps 4.9 4.2 5.7 
RO32/Burkholderia sps.  1.3 2.7 3.6 
 
 

























































 Supplementary Fig 1 :  IC chromatograms of sugar standards made up to 0.01ppm(a); 0.05ppm(b);   
































































Supplementary Fig 1:  IC chromatograms of bacterial exopolysaccharides extracted from RSW12/Pseudom-
onas marincola (e); RSW14/Pseudomonas brenneri (f); S8/Exiguobacterium sps (g); C4/Bacillus sps. (h)  
  
  


























































Supplementary Fig 1: IC chromatograms of bacterial exopolysaccharides extracted from C5/Rhodococcus  
sps. (i); C10/Cytophaga sps. (j); C13/Pseudoalteromonas sps. (k); FSW6/Pseudomonas sps. (l)  
  
  
























































Supplementary Fig 1: IC chromatograms of bacterial exopolysaccharides extracted from RO16/Microbacte-i






































Supplementary Fig 1: IC chromatograms of bacterial exopolysaccharidees extracted from  


































Supplementary Table 4: Amounts of individual monosaccharides (moles) constituting 1mg of bacterial exopolysaccharides as analysed by Ion 
 chromatography.  
 
Composition of sugar(millimoles) RSW12 RSW14 S8 C4 C5 C10 C13 FSW6 RO16 RO18 RO22 RO23 RO25 RO28 
Fucose 0.216  0.087       0.012 2.215 0.056 0.070 1.148 
Rhamnose 0.040 0.003  0.003 0.002   0.034  0.019 0.026   0.095 
Mannose 0.199 0.092 0.002 0.001 0.081 0.053 0.067 0.419 0.012  0.127 0.001   
Glucose        0.452 0.006     0.033 
Galactose 4.399 0.068  0.124  0.156 0.083   0.402     
Xylose 0.291    0.001 0.002    0.009 0.085 0.002  0.073 
Ribose 0.019 0.036 0.006 0.043 0.002 0.018 0.059 0.006 0.012 0.002 1.647 0.001 0.002 0.027 
Galacturonic acid 0.218 0.046 0.114  0.049 0.050 0.094 0.098 0.012  0.821 0.075  0.194 
Glucuronic acid 0.024 0.103 0.281  0.066 0.040 0.044 0.135 0.067  0.293 0.262  0.260 
Total 5.405 0.348 0.490 0.171 0.201 0.319 0.347 1.143 0.108 0.443 5.214 0.397 0.072 1.829 
 
 





Supplementary Table 5: Weight of monosaccharides (microgram) present in one milligram of bacterial exopolysaccharides as analysed by Ion  
Chromatography 
 
Composition of sugar(µg) RSW12 RSW14 S8 C4 C5 C10 C13 FSW6 RO16 RO18 RO22 RO23 RO25 RO28 
Fucose 35.4  14.33       1.93 363.67 9.2 11.47 188.47 
Rhamnose 6.53 0.47  0.53 0.33   5.53  3.07 4.2   15.6 
Mannose 35.81 16.58 0.31 0.26 14.63 9.57 12.01 75.49 2.19  22.83 0.19   
Glucose        81.47 1.07     5.93 
Galactose 792.53 12.33  22.27  28.13 15   72.4     
Xylose 43.73    0.13 0.33    1.33 12.8 0.27  10.93 
Ribose 2.8 5.33 0.93 6.47 0.27 2.67 8.87 0.87 1.73 0.27 247.27 0.13 0.27 4 
Galacturonic acid 42.27 8.87 22.2  9.53 9.73 18.33 18.93 2.33  159.4 14.6  37.6 
Glucuronic acid 4.6 20.07 54.47 19.07 12.8 7.73 8.47 26.13 12.93 12 56.8 50.8 8.13 50.53 
Others 36.33 936.35 907.76 951.4 962.31 941.84 937.32 791.58 979.75 909 133.03 924.81 980.13 686.94 
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Supplementary Fig 2 : Normalised  ATR-FTIR spectra of bacterial exopolysaccharides derived from  
rawseawater and sand filter RSW12, RSW14, S8 (a); cartridge filter C4, C5, C10 (b); cartridge filter  
C13 and filtered seawater FSW6 (c);  and RO membranes RO16, RO18, RO22 (d) and RO23, RO25,  


































Supplementary Table 6:  Bacterial isolates with specific functional groups as seen in absorption 
bands of FTIR spectra. Refer Supplementary Fig. 2. 
Bacterial isolates Functional group Wavelength region of absorption band Reference 
All Carbohydrates (ring vibrations 
overlapping with stretching 
vibrations of C-OH side groups and 
glycosidic band vibrations C-O-C) 
1000cm
-1
  to 1200cm
-1
 [18] 







All  Amide I (N-C=O )and Amide II 
(N=C-O) 





Larger band at 1620-1640 cm
-1
 
corresponds to Amide I; smaller band at 
1530 to 1550 cm
-1




Amine sugars (CH3C=0 linkage) 1377-1380cm
-1
 [20, 21] 
FSW6, RO16, RO18, 
RO23 
Nucleic acids,  free phosphates or 
phospholipids (stretching vibration 




RSW12, C4, C5, 
C13, FSW6, RO16, 
RO18,RO22, RO23 
 Glucose, galactose,  rhamnose or 
fucose (stretching vibrations of 
methylene group   –CH2-) 





All Carbohydrate ring (continuous 
stretching vibrations of hydroxyl 
–OH) 





RO22 Primary amines and amides (N-H 
bond) 
























 [26, 27] 
C4, S8, RO16,RO22 Phosphates and sulphates Intense bands in the region 
1000-1030cm
-1
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The	 findings	of	 this	 chapter	 led	 to	 further	 investigation	of	 control	measures	 to	
target	 polysaccharides	 in	 particular,	 as	 opposed	 to	 previously	 used	
antimicrobials	which	target	bacterial	cells.		In	a	complex	microbial	setup,	it	is	not	
possible	 to	 point	 out	 which	 bacteria	 form	 which	 polysaccharide.	 However	
identification	 of	 some	 common	 key	 monomers	 that	 render	 the	 bacterial	
polysaccharides	with	superior	biofouling	abilities	is	both	valuable	and	novel.	The	
control	 strategy	 needs	 to	 be	 designed	 in	 such	 a	way	 that	 compounds	 used	 for	
control,	 targeted	 the	 polysaccharides	 in	 general	 rather	 than	 being	 specific	 to	
individual	polymers.	Free	 radical	generating	compounds	were	good	candidates	
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• SNP and xanthine oxidase performed better than DBNPA for permeability recovery.
• Xanthine oxidase was more effective than SNP in decreasing biovolume.
• DBNPA reduced the number of live cells but was ineffective in decreasing biovolume.
• Free radical generators may remove biofilms by physical breakdown of polysaccharides.
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Biofouling of seawater reverse osmosis (SWRO) membranes in desalination processes causes increased energy
consumption and operating costs. In spite of pre-treatment systems, polymeric materials are deposited on the
membranes along with bacteria and other particles. Bacteria grow and produce further polymers (extracellular
polymeric substances; EPS) in situ forming a recalcitrant biofilm. Current membrane cleaning protocols aim to
kill the bacteria but do not necessarily remove the associated polysaccharides which appear to reduce permeate
permeability. Few studies have investigated the removal of both biofilm bacteria and associated polysaccharides.
There is some evidence that compounds which produce free radicals can degrade polysaccharides; and the pre-
vious studies in our laboratory have suggested that they can reduce polysaccharide adhesion and the effects of
membrane fouling. In this study,we compared the effect of two free radical producing systemswith the currently
accepted control agent, a biodegradable biocide, 2,2-dibromo-3-nitriloproprionamide (DBNPA). The free radical
generating systems were sodium nitroprusside (SNP) that spontaneously releases nitric oxide free radical and a
xanthine oxidase enzymewith a hypoxanthine substrate to release a superoxide radical. Experiments were con-
ducted on the fouledmembranes collected following membrane unit replacements at a full scale seawater desa-
lination plant inWestern Australia. Both free radical generating compounds improved permeate flow in a bench
scale cross-flowRO system compared to the biocide without damagingmembrane structures. The CLSM analysis
suggested the biofilmwas thinner but also less compact. A lectin bioassay supported the conclusion that the free
radicals had a direct effect on the biofilm polysaccharides, not just the biofilm cells.







Biofouling in seawater reverse osmosis (SWRO) systems is a con-
tinuing problem. Several studies have shown that microbial fouling is
a major contributor to biofouling which significantly increases energy
consumption and the associated cost of water production [1–4].
Biofilms are formed bymicrobes which change from a free living plank-
tonic state to a sessile stage attached to the membrane surface where
they produce an extracellular matrix. The extracellular matrix is com-
posed of 90% water and 10% extracellular polymeric substances, or EPS
[5]. Structural components of EPS matrix include proteins, lipids,
humic substances and polysaccharides. Of these, polysaccharides con-
stitute amajor component of the biofilmmatrix and are crucial inmain-
taining the physical integrity of biofilm matrix [6,7]. So far, just over 30
different biofilm matrix polysaccharides have been characterized [5].
Mutant strains of bacteria unable to synthesize polysaccharides, were
less efficient in forming biofilms and more susceptible to biocides [8].
Control of biofouling has been an ongoing challenge [9], and inmost
trials bacterial biofilms are recalcitrant to removal either by developing
resistance to biocides or by failure to dislodge from the membrane
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surface [10]. Previous researchers have used several strategies to either
prevent biofilm formation on membranes or disperse and in turn re-
move mature biofilms. Some of the methods to alleviate biofouling on
ROmembranes include physical flushing or cleaning of membranes, ad-
dition of chemicals compounds targeting the bacterial cells and/or extra-
cellular matrix, and modification of membrane surface and structure
[11]. However, each has disadvantages [11]. Current clean in place
(CIP) practices are often ineffective due to incorrect chemical selection;
incomplete penetration of biofilm layers; poor cleaning practicewith re-
spect to pH, temperature, contact time; improper recirculation flow
rates and incomplete removal of biomass [12]. The repeated use of bio-
cidesmay also cause bacterial resistance bymodification of the bacterial
cell envelope reducing biocide permeability, production of enzymes to
degrade the biocides, or acquiring other biocide resistance genes [12,
13]. Biofilm control strategies using enzymes to degrade the EPS matrix
include glycosidases, proteases and deoxyribonucleases, but such en-
zymes target specific strains and their efficacy in complex multispecies
biofilms has not been established [14]. In addition, enzymes are typically
expensive and there are other practical difficulties in treatment and
flushing of membranes on an industrial scale. There is therefore still an
urgent need for more efficient and cost effective methods to remove
biofilms and alleviate biofouling in SWRO processes.
Although polysaccharides form a large proportion of the EPS matrix,
their contribution to biofilms is largely ignored andmost removal strate-
gies target the bacterial cells themselves. Methods to disrupt the physical
integrity of the polysaccharides should loosen and dislodge both the EPS
matrix and biofilm cells. Previous studies investigating the effect of free
radicals (particularly nitric oxide donors) on single species biofilms [15–
18], focused on their role in cell signaling and programmed cell death
causing biofilm cells to transform into planktonic cells. In this study, we
suggest free radicals have a mucolytic action and break down the biofilm
polysaccharides leading tophysical dislodgement of the slime layer that is
necessary for improving separation performance. Our previous work has
shown free radical generating compounds reduce both polysaccharide
adhesion and the effects of membrane fouling, improving permeate flux
[19]. Therefore, in this study, we selected two free radical producing sys-
tems: sodium nitroprusside (SNP) that spontaneously releases nitric
oxide free radical and a xanthine oxidase enzyme with a hypoxanthine
substrate to release a superoxide radical, for studying their impacts on
the treatment of fouled SWRO membranes. They were compared with
the currently accepted control agent, a biodegradable biocide, 2,2-
dibromo-3-nitriloproprionamide (DBNPA). By comparing the three treat-
ments using RO filtration and additional characterization techniques, we
found both free radical producing systems were superior to the com-
monly used biocide DBNPA and reduced polysaccharide adhesion and
membrane fouling without compromising membrane salt rejection.
Industrially fouled membranes were chosen as the model mem-
branes in this study. The biofilms on these membranes comprise of a
diverse multispecies bacterial community and are formed as a result
of years of exposure to varying environmental factors operational in
the plant. Under laboratory conditions, it is near impossible to artificial-
ly foul a membrane to this effect owing to the time constraints. There-
fore the effect of chemical treatments on these biofilms in bench scale
experiments would be a good representative of their effect if used in
large scale. A recent study suggests that under high pressure SWRO
membrane productivity does not vary significantly with change in
width or number of sheets [20]. The reuse of autopsied spirally wound
membranes in the form of flat sheet membranes in the laboratory
may therefore be considered as a good model.
2. Materials and methods
2.1. Bench scale reverse osmosis separation
In the bench scale reverse osmosis experiments, membranes were
placed with their active layer facing the feed solution in a Sterilitech
CF042 cross-flow RO cell of dimensions 2.28 mm slot depth, 39 mm
slot width and 42 cm2 membrane surface area; in which the solution
was pumped by a hydra-cell pump (B Line Pumps Pty. Ltd, AU). Typically,
6 L of feed solution, artificial sea water (ASW) made up with sea salts
(Sigma-Aldrich) was used in all runs. The concentration of sea salts
used was 40 g/L of DI water as per the manufacturer's instructions. The
ionic composition of reconstituted seawater is as follows: chloride –
19,290 mg/L, sodium – 10,780 mg/L, sulfate – 2660 mg/L, potassium –
420 mg/L, calcium – 400 mg/L, carbonate (bicarbonate) – 200 mg/L,
strontium – 8.8 mg/L, boron – 5.6 mg/L, bromide – 56 mg/L, iodide –
0.24 mg/L, lithium – 0.3 mg/L, fluoride – 1.0 mg/L, magnesium –
1320 mg/L, and trace elements – b0.5 mg/L. During the experiments, a
cross-flow velocity of 8.5 cm/s, selected according to literature [21,22];
and pressure of 600 psi were maintained constantly (22 °C–23 °C).
After a given period of time, the permeate produced during the RO pro-
cess was collected in a container on a digital balance (A & D Australasia
Pty. Ltd, AU); weight change was monitored by a laboratory computer
for permeability calculation (Eq. (1)). Experiments were carried out in
triplicate for each of the treatments and control run; the average values
of permeability were calculated, all of which exhibited b25% of variation.
Moreover, to examine the membrane integrity especially after the expo-
sure to free radical generating compounds, the conductivity of feedwater
and permeate wasmeasured during the treatment for calculating salt re-
jection. We found the treatment by using free radical generating com-
pound did not vary salt rejection throughout the whole process.
Polyamide thin film composite ROmembranes (Dow Filmtec SW30)
were collected following autopsy of spiral-wound membrane units at
the end of their useful life (5–7 years use), provided by a full scale RO
plant in Western Australia. The pattern and severity of membrane foul-
ing varied across units, according to their location within the plant.
Membranes were selected with approximately average fouling from
those autopsied. Of the 14 membrane sheets autopsied, samples that
exhibited homogenous uniform surface fouling were used in order to
minimize variations arising due to heterogeneity of biofilms. Mem-
braneswere stored at 4 °C in sealed bags undermoist conditions. Before
test, sections of themembranewere cut and soaked for 2 h in deionized
(DI) water; this was proven to not affect the fouling layer itself but re-
moving residual salts from the membrane, which otherwise affected
salt levels and conductivity in the permeate. Afterwards, the pre-soaked
fouled membrane was placed into the Sterilitech CF042 cross-flow RO
cell under a constant pressure of 600 psi and a flow rate of 0.54 L/min
to stabilize the water fluxes in the filtration process. Following that,
the membrane was taken out of the cell, placed in a clean Petri dish,
and its surface was treated with 1 mL of different compounds, namely,
200 ppm DBNPA (Dow), 0.1 mM SNP (Sigma-Aldrich) and 1 unit xan-
thine oxidase (Sigma) plus 100 μM hypoxanthine (Sigma). All the
three compounds were constituted in sterile artificial seawater. The
pH of ASW and treatment solutions were measured with a pH meter
(Hanna 8521) and recorded as follows: ASW – 8.10, DBNPA – 7.92,
SNP – 7.35, xanthine oxidase plus hypoxanthine – 7.01. For comparison,
the control samplewas treated by ASW in a similarmanner to the afore-
mentioned samples. All membrane treatmentswere carried out at room
temperature with the exception of the use of xanthine oxidase which
was carried out at 37 °C. After 1 h treatment, themembraneswere gent-
ly rinsedwith ASW, taking care not to disturb the biofilm, placed back to
the RO system and the run resumed for a further RO experiment. After
separation, themembranewas storedmoist at 4 °C in a sealed container
for further analyses, including CLSM, TGA, and FTIR. The membranes,
treated by ASW, 200 ppm DBNPA, 0.1 mM SNP and 1 unit xanthine ox-
idase plus 100 μM hypoxanthine, were denoted as RO-F, RO-D, RO-S,
and RO-X, respectively. For comparison, a clean membrane without
prior use at the SWRO plant was taken and referred to RO-C.
The water permeability of membrane sample (Pi) was calculated as:
Pi ¼
V
A" t " ΔP ð1Þ
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where V is the volume (L) of water collected under driving pressure P
(bar) over a given period of time t in hours (h); A is the active area of
membrane (m2).
The permeability value (Pi) of RO-C, RO-F, RO-D, RO-S, or RO-X was
compared to that of the clean RO-C membrane (PRO-C) over separation;




2.2. ATR-FTIR and TGA
The membranes were air dried thoroughly and subjected to Fourier
transformed infrared spectroscopy (FTIR) with attenuated total reflec-
tance (ATR) accessory (Perkin Elmer, US). Thermogravimetric analysis
(TGA) of membrane samples were performed in the temperature
range of 30 °C and 800 °C (at heating rate of 10 °C/min) at the flow
rate of 20 mL/min argon gas (Perkin Elmer, US).
2.3. Confocal Laser Scanning Microscopy (CLSM)
All membrane samples were cut into couponswith a size of approx-
imately 1 cm2 for at least triplicate and stained with either one of two
fluorescent stains. The first one was a FilmTracer™ biofilm stain
(Invitrogen), used according to the instructions ofmanufacturer to visu-
alize live (green) and dead (red) cells. The second stain was a FITC con-
jugated Conacavalin A lectin (Life Technologies GmbH) to visualize
polysaccharides. This was used at a concentration of 100 μg ConA
FITC/mL of ultrapure water. The lectin selected specifically binds to α-
mannopyranosyl andα-glucopyranosyl residues in the biofilm polysac-
charides which appear common in the seawater biofilm polysaccha-
rides (N80% appear to contain these residues, data not shown). The
membranes were wet mounted on clean glass slides, secured with cov-
erslips and observed on a Nikon C2 Confocal Laser ScanningMicroscope
(CLSM) at 20×magnification using associated software (NIS-Elements)
to collect z-stacks of at least 3 areas per membrane.
Average values of live to dead cell ratio, biovolume and biofilm com-
pactness were calculated from these 3 areas using Imaris (Bitplane)
software to reconstruct the 3D images for quantification of biofilms on
the membranes. For the Live/Dead cell stained membranes, biofilm ap-
pearance, and live to dead cell ratio were compared. For the lectin
stained membranes, biofilm appearance, biovolume and compactness
of biofilms were also compared. The bio-volume is defined as the num-
ber of biomass pixels in all images of a stackmultiplied by the voxel size
[(pixel size)x × (pixel size)y × (pixel size)z] and divided by the substra-
tum area of the image stack. The resulting value is biomass volume
divided by substratum area (μm3/μm2). Biovolume represents the over-
all volume of the biofilm, and also provides an estimate of the biomass
in the biofilm [23]. To quantify biovolume per unit area (μm3/μm2), a
ratio between total volume and total area covered by biofilmwas calcu-
lated. The compactness of the biofilmwas assessed as total fluorescence
per volume of biofilm [24].
2.4. Enzyme-linked lectin biofilm polysaccharide assay
All membrane samples were cut into discs of 1 cm diameter and
placed in 24 well polysterene plates. Four duplicates of each membrane
were carried out to calculate average absorbance values. To block non-
specific binding towells andmembranes,membrane discswere initially
soaked in 2% Tween in 400 μL of sterile PBS for 5 min. The wells were
then rinsed with PBS twice. Peroxidase-labeled concanavalin A (Con
A) was then added at a concentration of 2 μg/mL made up in sterile
PBS with 0.1% Tween (400 μL per well). The plates were incubated for
1 h at room temperature with shaking to enable lectin binding to poly-
saccharides on the membrane biofilm. The membranes and wells were
washed three times with PBS to remove unbound lectin/peroxidase fol-
lowingwhich 400 μL of the peroxidase substrate OPD at a concentration
of 1 mg/mLwas added to each well and incubated in dark at room tem-
perature for 30 min to allow any bound enzyme to cause the substrate
to be degraded and develop a yellow color change. Lectin binding was
then indirectly measured by a change in yellow color, measured on a
spectrophotometer at a wavelength of 570 nm wavelength. The absor-
bance at 570 nm was therefore directly proportional to the quantity of
biofilm polysaccharide remaining on the membrane.
3. Results and discussion
3.1. RO separation
Operational data were collected for bench scale RO runs of fouled
membranes treated by different compounds (Fig. 1). Fig. 1a shows
water permeabilities of membrane samples after different treatments;
they varied slightly in the first 5 h of RO operation due to the stabiliza-
tion of membranes under pressure; after which, the membrane perme-
abilities were relatively stable. Fig. 1b represents the permeability
recovery for membrane samples after treatments, in relation to RO-C.
RO-C exhibited a stable water permeance of ~0.822 L·m−2·
h−1·bar−1 (Fig. 1a) and salt rejection of 95% under seawater desalina-
tion. RO-F showedmerely 52.70% of permeance in relation to that of the
clean membrane RO-C because of biofouling (Fig. 1a and b).
After treatment with DBNPA, SNP, or xanthine oxidase, filtration re-
sults deviated from the control membrane RO-F (Fig. 1a and b). Of the
chemical treatments, SNP (nitric oxide free radical) caused the best re-
covery ratio of water permeability; while the use of the biocide, DBNPA,
caused the least improvement. Following DBNPA treatment, ~59.24%
permeability was restored. The SNP-treated membrane exhibited
complete restoration of permeability. The effect of xanthine oxidase
plus hypoxanthine was between DBNPA and SNP treatments, with per-
meability recovery of ~82.92% at the end of filtration.
Fig. 1. Comparison of water permeability (a) and permeability recovery (b) after treatment between the samples RO-C, RO-F, RO-D, RO-S, and RO-X.
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DBNPAmight have improved the flow to aminor degree by reducing
the bacterial load but other than increased levels of dead cells there
were no significant changes of surface coverage of the membrane bio-
film observed in the CLSM images (Fig. 4). This may explain the limited
permeability recovery. In contrast, SNP and xanthine oxidase plus hypo-
xanthine significantly improved permeability recovery and SNP treat-
ment exhibited an almost fully recovered permeability. Previous
studies have demonstrated that both SNP and xanthine oxidase gener-
ated free radicals [18,25–27], can detach Pseudomonas spp. biofilms
[18,25] but the mechanism proposed is via cell-cell signaling. We sug-
gest nitric oxide and reactive oxygen species generated respectively
might also have a mucolytic action on the biofilm matrix, causing thin-
ning of slime layers and in turn facilitating recovery of permeate flowby
dislodging the biofilm from membrane surface under the hydraulic
pressure-driven RO separation. The following CLSM studies further ex-
plore the mechanisms governing permeability recovery.
The use of DBNPA, SNP and xanthine oxidase plus hypoxanthine, re-
sulted in different degrees of permeability recovery. The conductivities
of permeate and feed were monitored during the whole RO separation.
The salt rejection rates were the same as those for fresh SWRO mem-
branewhich suggests the treatments did not cause any structuralmem-
brane damage. These findings were also supported by the ATR-FTIR and
TGA results.
3.2. ATR-FTIR and TGA
Fig. 2 shows the ATR-FTIR spectra of different membrane samples,
including RO-F (b), RO-D (c), RO-S (d) and RO-X (e), characterizing
and distinguishing the structures of membranes before and after treat-
ment. For comparison, the ATR-FTIR of the clean RO-C membrane is
also included in Fig. 2a. Typical spectra for polysulfone alone and poly-
amide coating on polysulfone have been well presented in literature
[28–30].
The peaks at approximately 1588, 1505, and 1488 cm−1 were asso-
ciated with aromatic in-plane ring bend stretching vibration. The weak
peak at1376cm−1was due to C\\Hsymmetric deformation vibration of
\\CH3. The peaks at 1328 and 1296 cm−1 were assigned to asymmetric
SO2 stretching vibration and those at 1150 and 1170 cm−1 to symmetric
SO2 stretching vibration. The prominent peak at 1245 cm−1 was
associated with the C\\O\\C asymmetric stretching vibration of the
aryl–O–aryl group in the polysulfone substrate. In addition the peak at
835 cm−1 was due to the in-phase out-of-plane hydrogen deformation
of para substituted phenyl groups [31].
The fingerprint region for polyamide was wavenumbers between
650 and 1800 cm−1 which included 1663, 1612 and 1546 cm−1; all of
which suggested that the RO membrane consisted of fully aromatic
polyamide structure. The peak at 1665 cm−1 was an amide I band and
corresponded to the C_O stretching as the dominant contributor,
C\\N stretching and C\\C\\N deformation vibration in a secondary
amide group. The peaks at 1612 cm−1 were associated with aromatic
amide and formed by N\\H deformation vibration and C_C stretching
vibration. The band at 1546 cm−1 represented amide II band and was
due to N\\H in-plane bending and N\\C stretching vibration of a
\\CO\\NH\\ group. Small peaks in the region ranging from
2900 cm−1 to 3000 cm−1 in all the membranes were attributed to ali-
phatic C\\H stretching vibration. The broad peak near 3300 cm−1 was
assigned to O\\H stretching band of carboxylic acid groups.
All the membranes had almost identical peaks at the same wave-
length as discussed above. However, comparedwith the clean ROmem-
brane (RO-C), the fouled sample (RO-F) exhibitedmore intense peaks at
around 2900 cm−1 and 3300 cm−1, which could be attributed to the
layer of biofilm polysaccharides on the membrane surface. Previous
studies have reported that common to all polysaccharides two bands
appeared in the region of 4000 cm−1–2000 cm−1 of the FTIR spectra:
a broad band centered at 3300 cm−1, assigned to hydrogen bonded
O\\H stretching vibrations and a signal at 2900 cm−1 due to the C\\H
stretching vibrations. Conversely, the membranes treated with DBNPA,
SNP and xanthine oxidase (RO-D, RO-S and RO-X) exhibited less intense
peaks than the fouled membrane, which could be attributed to reduced
amount of polysaccharides on the membrane surface after the treat-
ment. In addition, the high similarity in ATR-FTIR spectra across the dif-
ferentmembrane samples suggested no significant structural change or
damage caused by the compounds tested.
The thermogravimetric analyses (TGA), in Fig. 3, show a similar pat-
tern of reduction inweight in all membranes. The decline inweightwas
not significant till a temperature of 380 °C was reached, suggesting the
membranes are thermally stable up to 380 °C. The weight decrease
was then rapid and dropped from about 100% to 35% of initial weight
in the temperature range of 380 °C to 450 °C; followed by a gradual de-
crease in weight observed from 450 °C to 800 °C. This could be due to
the depolymerisation and complete disintegration of the polyamide
SWRO membranes [32,33]. The degradation of foulants, that comprise
of extracellular polysaccharides, may also contribute to the weight
loss; since previous studies have proven different types of EPS
exhibiting a large mass loss between 350 °C and 500 °C [34–37]. There
is also evidence that bacterial polysaccharides completely decompose
Fig. 2.ATR-FTIR spectra of membrane samples, RO-C (a), RO-F (b), RO-D (c), RO-S (d) and
RO-X (e). Fig. 3.Weight (%) versus temperature change in TGA analysis.
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at temperatures between 800 °C and 1000 °C owing to the presence of
inorganic components like calcite in their polysaccharides [38,39]. How-
ever, in Fig. 3, it is difficult to distinguish the difference between the de-
composition of polymer membrane and EPS; due to the fact that the
weight of the biofilm on the membrane surface is relatively very low
compared to the weight of the membrane material itself.
For the clean membrane (RO-C), the final residual weight percent
was 4.18%. In the control fouled membrane (RO-F), the remaining
weight was 15.59% at the end of the TGA analysis. Recent studies sug-
gest that themajor foulants on SWROmembranes are biofoulants of or-
ganic nature while inorganic fouling/scaling is only a minor contributor
to membrane fouling [40,41]. Therefore it may be inferred that the
weight difference between RO-C and RO-F may be due to the presence
of foulants, especially EPS. The DBNPA treated membrane (RO-D) and
SNP treated membrane (RO-S) left a residual weight of 14.7% and
13.54%, respectively; while the membranes treated with xanthine oxi-
dase (RO-X) had least residual weight of 10.7% at the end of the TGA.
The small difference in the final weight for RO-D, RO-S and RO-X sam-
ples could be explained by the amount of polysaccharide residues
after the treatments with different compounds; RO-X had less EPS resi-
due on themembrane compared with RO-D and RO-S. These results are
also in accordance with the CLSM results, indicating that xanthine oxi-
dase was the most effective in reducing polysaccharides in biofilm
followed by SNP and DBNPA. The similarity in the TGA curves supports
the fact that there were negligible changes to the structure of mem-
branes after treating them with the alleviating compounds.
3.3. CLSM
Fig. 4 presents typical CLSM images of different membrane samples,
RO-F, RO-D, RO-S, and RO-X. The biofilms on RO-F (Fig. 4a) had the
greatest level of surface coverage compared to all others after three
treatments (Fig. 4b–d). The surface coverage decreased gradually in
the order of RO-D, RO-S, and RO-X, which were treated by DBNPA,
SNP and xanthine oxidase, respectively. In addition, the ratio of
live:dead cells decreased, with a higher proportion of dead cells follow-
ing the DBNPA treatment (Table 1). Despite the decreasing surface cov-
erage on the membranes (Fig. 4), the ratio of live:dead cells remained
fairly stable following two free radical treatments (Table 1). Thus it
suggests that the biofilm/biofouling layer was effectively removed
from the membrane surface rather than being killed by the free radical
treatments.
To specifically investigate the effect of the treatments on the poly-
saccharide component of the biofilm, a specific fluorescent stain was
used based on the plant lectin, Concanvalin A. As with the viability
stain, three sections were viewed and data collected from a Z-stack of
each section. All three treatments caused a decrease in polysaccharide
coverage and depth compared to the untreated membrane (Fig. 5).
The removal of polysaccharides from the fouling layer, measured as a
percentage of the control, was greatest for the xanthine oxidase treat-
ment at 49.4%, followed by SNP that removed 26.6% and only a minor
improvement evident for DBNPA at a removal of 15.5%.
The biovolume (depth/coverage) in the untreated fouledmembrane
was highest (2.34), followed by DBNPA (1.98), SNP (1.7) and xanthine
oxidase (1.18). The compactness of the biofilm was also calculated
and was twice as high in the untreated membrane as the three treat-
ments tested, with compactness decreasing in the order DBNPA, xan-
thine oxidase and SNP (Fig. 6).
3.4. Enzyme-linked lectin biofilm polysaccharide assay
An assay was designed using a polysaccharide specific lectin (ConA)
linked to a peroxidase reporter enzyme to quantify polysaccharides
remaining on discs of fouled RO membranes following the three treat-
ments (DBNPA, SNP and xanthine oxidase). The degree of lectin binding
(polysaccharide) was highest in the fouled, untreated membranes,
followed those treated with DBNPA (Fig. 7). SNP and xanthine oxidase
treatedmembranes (RO-S and RO-X) hadmuch lower absorbance read-
ings and were only slightly higher than the clean, unfouled membrane
(RO-C). These results support the conclusions derived using the ConA
fluorescent stain and CLSM analysis.
3.5. Discussion
In this study we have used the industrially fouled membranes after
their life span of 5–7 years to test the effectiveness of alleviating com-
pounds. The biofilms on these membranes are of complex nature and
result from exposure of membranes to varied fluid dynamic forces, mi-
crobialflora, nutrient level status of feedwater, variation in shear forces,
temperature, pH and several other seasonal and environmental factors
that have undergone changes temporally over a long period of time
through the membrane lifespan.
The development of a fouling layer on SWRO membranes is influ-
enced by local permeate flux, transmembrane pressure and the
retentate flow velocity [42]. The fouling development inside the SWM
module may be difficult to understand as the compact design does not
permit access to local measurements within the module. Moreover
models that include temporal evolution throughout a membrane
sheet are not available. A recent study on spirally wound SWRO mem-
branes shows that at high pressure, productivity of RO membranes is
not significantly affected by membrane width, number of sheets, per-
meate fabric permeability or retentate side spacer [20]. Therefore
reuse of fouled membranes sampled from spirally wound units in a
full scale plant in the form of flat sheet membrane coupons under labo-
ratory conditions may be considered as a good model to study fouling
control measures.
In laboratory conditions, it is near impossible to simulate a biofilm
that is a true representative of the real scenario as fouling experiments
are practically restricted to a much shorter duration, are carefully con-
trolled and model fouling organisms are limited to one or more species
of only culturable isolates. Recent work by Karabelas and coworkers
supports the fact that organic gel formation of which polysaccharides
are amajor constituent, is the predominant type of foulant on ROmem-
branes irrespective of the presence or absence of microbes. Most model
studies use alginate as themodel polysaccharide as it is considered clos-
est to real gels obtained from feed waters with respect to rheological
properties [43]. The importance of targeting polysaccharides has been
overlooked in most control measures. The objective in our study was
to test the chemicals on a model biofouled membrane which could be
best achieved by using a real SWRO membrane from a full scale plant.
Of the three treatments, xanthine oxidase was the most effective in
reducing biofilm volume and SNP was more effective at reducing bio-
film compactness (Fig. 6). DBNPA, while it reduced biovolume to a
small extent, it reduced compactness significantly perhaps due to its
biocidal activity. Bacterial cells become flaccid when lysed, which
could explain the reduction in compactness. Both free radical genera-
tors, SNP and xanthine oxidase, were more effective in dispersal and
dislodgement of biofilm.
DBNPA is a non-oxidising biocide and often used for RO membrane
cleaning as it does not damage polyamidemembranes, is biodegradable
and has a rejection rate of about 99% [44]. This chemical is a fast acting
broad-spectrum antimicrobial. It is highly soluble inwater andwhen in-
troduced into the environmentwill tend tomigrate toward or remain in
water. It is unlikely to persist in the environment as it is rapidly degrad-
able by abiotic means. DBNPA is not likely to accumulate in the food
chain due to a low bio concentration potential. Although it is highly
toxic to aquatic organisms (LC50/EC50 b 0.1 mg/L) on an acute basis,
EPA recommends that intermittent offline use of this compound in
SWRO plants does not present a significant risk to marine environment.
The concentration of DBNPA used in this experiment (200 ppm) was
within the range used in the industrial scale (150–250 ppm). In our
study, DBNPA treated membranes effectively killed bacterial biofilms
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as it had the lowest live to dead cell ratio but was not as effective in bio-
film removal as the two free radical generators.
SNP is highly soluble both in water (400 g/L) and saline solutions. It
undergoes photochemical degradation upon exposure to light. Due to
its potential toxicity, safe work practices were followed to avoid eye
or skin contact and inhalation. SNP is toxic to aquatic life above
0.07 ppm. However, it decomposes fairly rapidly in water, and in
some situations may biodegrade. At concentrations of 30 μM, it releases
NO in a pH dependent manner, the greatest quantity being released at
pH 5.0 with decreasing amounts of NO released up to pH 7.2. A recent
study suggests that SNP is one of the most stable nitric oxide donors
and that 100 μM of SNP as used in our experiment, releases about
70 nM of NO which starts plateauing at about 25 min [45]. These con-
centrations of released NO are very low and unlikely to cause risks to
the environment. In aqueous solutions, NO is quickly oxidised mostly
to nitrite for which the maximum contaminant level in drinking water
recommended by the Environmental Protection Agency is 1 ppm
(22 μM) [17]. This is much higher than the concentration of NO released
in our study. NO has been previously recognised as a regulator of dis-
persal events in biofilms through a cell signaling mechanism [15,17,
46]. Previous studies have investigated the role of SNP and other nitric
oxide donors in dispersing biofilms. Nearly all experiments were con-
ducted with Pseudomonas sp. in batch experiments [15,17,18,25]. Low
concentrations of NO caused Ps. aeruginosa dispersal and enhanced
swimming and swarming cell motilities. Some studies have suggested
Fig 4. Reconstructed 3D images of typical CLSM aerial (i) and perspective (ii) views of: RO-F (a); RO-D (b), RO-S (c), and RO-X (d).
Table 1
Fluorescence intensity of live and dead cells and their ratio in the control (RO-F) and treat-
ed membranes (RO-D, RO-S, and RO-X).
RO-F RO-D RO-S RO-X
Live cells 58% 39% 60% 63%
Dead cells 42% 61% 40% 37%
Ratio of live:dead cells 1.4 0.6 1.5 1.7
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that NO acts as a signaling molecule for bacterial detachment and bio-
film dispersal [15], while others have suggested NO may increase bio-
film formation in vitro by Pseudomonas aeruginosa and Burkholderia
cenocepacia [47] , Nitrosomonas europaea [48], Azospirillum brasilense
[49] and Shewanella sps [50]. In this study, SNP was the most effective
compound to reduce biofilm compactness and this may explain the
highest permeability recovery on membranes treated with this
chemical.
Xanthine oxidase is an enzyme that belongs to the category of oxido-
reductase, available as a lyophilised powder from Sigma. When
reconstituted, 1 unit of the enzyme converts 1 μM of xanthine to uric
acid per min at pH 7.5 at 25 °C. Hypoxanthine is a purine based deriva-
tive and a precursor of xanthine. It is fairly soluble in water. Xanthine
oxidase generates free radicals that belong to the category of reactive
oxygen species (ROS) by catalysing the oxidation of substrate hypoxan-
thine to xanthine and further to uric acid in the presence of water and
oxygen. Hydrogen peroxide (H2O2) and superoxides are released as a
by-product of the reaction. Hydrogen peroxide is a readily biodegrad-
able compound that releases oxygen and further breaks down uric
acid residues. Reactive oxygen species, particularly superoxide free rad-
icals have been established as a signaling molecule in some eukaryotes
but its role in biofilm dispersal in prokaryotes is yet to be studied [51].
These free radicals cause oxidative damage to DNA, proteins, lipids
and other cellular components and extensive cell damage in high
concentrations. Hydrogen peroxide, one of the reactive oxygen spe-
cies, is a low molecular weight compound and was detected in
biofilms of Pseudoalteromonas tunicata, Marinomonas mediterranea,
Chromobacterium violaceum and Caulobacter crescentus at the time
of cell death in microcolonies [52]. The exact mechanism of free radical
mediated cell death and biofilm dispersal has to be still investigated. In
our experiments xanthine oxidase with hypoxanthine substrate was
the most effective in reducing biofilm volume.
Fig 5. Reconstructed 3D images of typical CLSM aerial (i) and perspective (ii) views of untreated and treated and fouled ROmembranes stained with a polysaccharide specific stain: RO-F
(a); RO-D (b); RO-S (c) and RO-X (d).
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As most naturally occurring biofilms contain multiple species, it
seems unlikely that signals specific to only some species could effective-
ly disperse the entire biofilm. However if the mechanism of action is
through direct degradation of extracellular polymers, free radicals
could provide a more general treatment for biofilm removal.
In this study a nitric oxide donor (SNP) effectively dispersed amixed
species biofilm from an industrially fouled RO membrane. Understand-
ing of biofilm dispersal processes are still in their infancy and we pro-
pose an alternative mechanism than previously described. It is known
that free radicals can degrade and break polysaccharide chains [53],
and in previous studies we noticed a significant reduction of fouling
caused by polysaccharide solution in the presence of NO compared to
without NO. We therefore investigated the polysaccharide component
of the biofilms directly through specific staining methods to better un-
derstand whether the decrease in biofilm is brought about by physical
removal of foulant material or disruption of biofilm cells through a cell
to cell signalingmechanism causing the programmed cell death and re-
lease of biofilm cells into the planktonic phase.
We suggest that although free radicals may play a role in cell to cell
signaling in biofilms, their direct physical effect on extracellular poly-
saccharides which account for up to 95% of the biofilm matrix cannot
be ignored. This study supports this as a keymechanism in the removal
of complex, multispecies biofilms from RO membranes.
This is a bench scale study which may have practical applications in
the full scale. The alleviating compounds may be used as clean in place
solutions with soaking of membranes to enable exposure of fouled
membrane surfaces for the required length of time. The operation may
be stopped for the specific duration of treatment and thereafter flow re-
sumed in order to recirculate agents to aid in removal of residual
chemicals on the membrane surface. Initially, after a preliminary flush
to displace existent feed water, the cleaning solutions, made up at spe-
cific concentrations described, may be introduced into the system.
Soaking may be done for 1 h and flow may be gradually increased to
minimize plugging of the pipes with dislodged foulant. As per common
practice, up to 20% of the initial displaced fouled cleaning solution may
be allowed to drain and the remaining cleaning solution may be
recirculated into the RO cleaning tank to remove residual chemicals.
pH of the cleaning solution may be readjusted if required prior to recir-
culation. A low pressure cleaning rinse with permeate water may then
be performed to remove traces of chemicals on the membranes before
the operation is resumed.
4. Conclusions
The effects of three compounds to alleviate ROmembrane biofouling
were compared. Both free radical generators, SNP closely followed by
xanthine oxidase performed better than the commonly used biocide
DBNPA, in terms of permeability recovery. Consistentwith these results,
the CLSM imaging studies showed that the free radical generating com-
pounds removed polysaccharides from the membrane surface in spite
of having little or no effect on killing bacterial cells. Xanthine oxidase
was more effective than SNP in decreasing biovolume. DBNPA reduced
the number of live cells but was ineffective in decreasing biovolume. A
biofilm polysaccharide assay further supported these results, indicating
that the smallest amount of polysaccharideswas found on SNP and xan-
thine oxidase treated membranes. AR-FTIR and TGA results indicated
that there was no structural change to the polyamide surface due to
membrane treatments. Hence the concentrations used were within
safe limits. Since the effect of these compounds was apparent in a mul-
tispecies biofilm community, we suggest these free radical generators
act by physically breaking down and removing polysaccharides, rather
than as specific cell signaling molecules. Based on these results, xan-
thine oxidase and SNP can potentially be used for future research on
membrane biofilm control in a multispecies biofilm community. Free
radicals such as those tested could therefore offer a broader, biofilm re-
moval strategy for complex communities due to their mode of action
and future experiments are planned to establish their effectiveness at
a larger scale.
Fig. 6. Relative comparison of biovolume and compactness in treated membranes
expressed as percent of biovolume and compactness in fouled membranes: RO-F (a);
RO-D (b); RO-S (c) and RO-X (d).
Fig. 7. Enzyme linked ConA/peroxidase lectin assay tomeasure the removal of polysaccharide from sections of ROmembrane biofilm for RO-C (a), RO-F (b), RO-D (c), RO-S (d), and RO-X
(e); the digital photo on LHS shows the color change and the figure on RHS demonstrates the UV absorbance.
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Xanthine	 oxidase	 enzyme	 was	 used	 for	 the	 first	 time	 as	 a	 chemical	 that	 successfully	
dispersed	 biofilms	 in	 the	 presence	 of	 hypoxanthine.	 The	 findings	 of	 this	 study	 triggered	
more	 research	 questions	 such	 as,	 	 is	 there	 a	 more	 cost	 effective	 way	 of	 continuously	
delivering	these	enzymes	onto	the	membrane	surface?	Do	some	bacteria	naturally	produce	
the	enzyme	when	exposed	to	the	substrate	xanthine	or	hypoxanthine?	If	so,	could	they	be	
used	 as	 biological	 control	 agents?	 These	 questions	 paved	 the	 way	 for	 standardizing	 a	
screening	 assay	 to	 test	 the	 production	 of	 bacterial	 xanthine	 oxidase	 when	 grown	 in	 the	
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Control of biofouling on seawater reverse osmosis (SWRO) membranes is a
major challenge as treatments can be expensive, damage the membrane
material and often biocides do not remove the polymers in which bacteria are
embedded. Biological control has been largely ignored for biofouling control.
The objective of this study was to demonstrate the effectiveness of xanthine
oxidase enzyme against complex fouling communities and then identify
naturally occurring bacterial strains that produce the free radical generating
enzyme. Initially, 64 bacterial strains were isolated from different locations of
the Perth Seawater Desalination Plant. In our preceding study, 25/64 isolates
were selected from the culture collection as models for biofouling studies,
based on their prevalence in comparison to the genomic bacterial community.
In this study, screening of these model strains was performed using a nitroblue
tetrazolium assay in the presence of hypoxanthine as substrate. Enzyme activity
was measured by absorbance. Nine of 25 strains tested positive for xanthine
oxidase production, of which Exiguobacterium from sand filters and
Microbacterium from RO membranes exhibited significant levels of enzyme
production. Other genera that produced xanthine oxidase were Marinomonas,
Pseudomonas, Bacillus, Pseudoalteromonas and Staphylococcus. Strain variations
were observed between members of the genera Microbacterium and Bacillus.
Introduction
The complexity of a diverse multispecies bacterial com-
munity and their exopolysaccharides in the biofilm matrix
on RO membrane demands efficient control methods to
alleviate fouling in SWRO systems. Current practices
include pretreatment of feed water with coagulants,
dosing feed water with chemical disinfectants, biocides
and antimicrobials, membrane surface modifications,
nutrient limitation and membrane cleaning procedures
(Nguyen et al. 2012). Biological control is an area that is
still underexplored. Some of the suggested methods for
biological control include quorum sensing signal inhibi-
tion, bacteriophages and the use of nitric oxide donors.
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Of the above approaches, quorum quenching com-
pounds are gaining increasing attention as biofilm control
methods in recent years. Biofilm maturation is largely
dependent on quorum sensing; therefore, quenching these
systems may provide a valuable solution to alleviate bio-
fouling. Enzymatic degradation of quorum sensing sig-
nalling molecules is one such option. The potential of
oxidoreductases as quorum quenching enzymes has been
reported in a few previous studies. These enzymes catalyse
the oxidation or reduction in acyl side chains of AHL
molecules (Uroz et al. 2005; Chowdhary et al. 2007).
Nitric oxide donors as free radical generating com-
pounds in mitigating fouling has previously proved suc-
cessful (Barraud et al. 2009; Xiong and Liu 2010).
However, the potential of reactive oxygen species (ROS)
to disperse biofilms is a less explored area. Hydrogen per-
oxide, superoxide, hydroxyl radical and singlet oxygen are
a group of reactive molecules and free radicals derived
from molecular oxygen, usually formed as by products of
oxidative metabolism in enzyme catalysed aerobic respira-
tion, and have a role in many degenerative processes.
Xanthine oxidase is an oxidoreductase enzyme that is
endogenously produced by many bacterial species. It may
be classified as a quorum quenching enzyme that is natu-
rally produced by many marine bacteria. As a result of
oxidation of xanthine to hydrogen peroxide and oxygen,
reactive oxygen species are released as by products. These
ROS molecules are known to quench auto-inducer 2(AI-2)
signals responsible for quorum sensing and thereby sup-
press biofilm formation, as reported recently by a study
on Escherichia coli (Xiao et al. 2016). Xanthine oxidase
catalyses purine metabolism, resulting in the production
of reactive oxygen species (ROS) which affords several
benefits to the bacterial cell in a multi-species biofilm
environment. It has been suggested that ROS imparts
genetic variability to biofilm cells, signal cell death in dee-
per layers leading to metabolic differentiation in upper
layers of biofilms, therefore increasing the possibility of
survival (!C"ap et al. 2012). Thus, endogenously produced
ROS may be described as an oxidative weapon against
competing bacteria in multispecies biofilm communities.
In our previous study it was reported that treatment of
industrially fouled membranes with xanthine oxidase and
hypoxanthine dispersed the biofilms by degrading polysac-
charides and brought about a significant improvement in
membrane permeability. During the process of oxidation,
free radicals are generated which breakdown the polysac-
charides (Nagaraja et al. 2017). In this study, we initially
demonstrate that xanthine oxidase treated membranes
have better permeability and lesser biofilm polysaccharides
than fouled membranes and propose potential biological
control measures based on the production of xanthine
oxidase enzyme by some species in the presence of
hypoxanthine and xanthine as substrate. Previous
researchers have investigated the production of xanthine
oxidase enzyme in bacteria, by use of easy screening meth-
ods. Agarwal and colleagues developed a method of
screening xanthine oxidase producing bacteria from soil
using a nitroblue tetrazolium-based colorimetric assay
(Agarwal and Banerjee 2009). Recently a thermostable
xanthine oxidase enzyme was identified from Bacillus spe-
cies (Sharma et al. 2016). This enzyme has also been iden-
tified in various other bacteria such as Arthrobacter
(Woolfolk and Downard 1978), Enterobacter (Machida
and Nakanishi 1981) and Pseudomonas (Sakai and Jun
1979). However, there is little knowledge on the xanthine
oxidase enzyme producing ability of marine microbes,
especially those fouling seawater desalination systems.
This study forms part of an extensive body of work
which involves investigation and control of biofouling in
a full-scale seawater reverse osmosis desalination plant by
bacteria and their exopolysaccharides. The study is com-
prised of different but related aspects of the research. Ini-
tially, bacterial communities on RO membrane surfaces of
a full-scale desalination plant were explored by 16S rRNA
gene metabarcoding (Nagaraj et al. 2016a). It was evident
that certain bacterial groups such as Caulobacterales, gly-
cosphingolipid-producing bacteria, nitrate-reducers and
Pseudomonadales played an important role in biofouling.
Bacteria were isolated from various locations of the full-
scale plant and identified; the culture library was com-
pared to the biofilm community, based on which the
most representative models were selected for biofouling
studies. These models belonged to 13 different genera
(Nagaraj et al. 2016b). Bacterial exopolysaccharides of
model strains that fouled RO membranes were character-
ized and it was reported that they all are comprised of
specific sugars such as fucose, rhamnose and uronic acids
that may impart stronger structural integrity (Nagaraj
et al. 2016c). We then successfully used free radical gener-
ating compounds, which included xanthine oxidase, for
control of biofilms by polysaccharide degradation on
industrially fouled membranes in bench-scale experiments
(Nagaraja et al. 2017).
This study fills the gaps in our most recent study
(Nagaraja et al. 2017); as commercial xanthine oxidase is
expensive and not feasible to use on a large-scale, we
explored the possibility of using bacteria that naturally
produce the enzyme. Further bench-scale and pilot-scale
studies are required to establish their definitive use as a
control measure.
The objective of this study was to screen bacterial iso-
lates that were cultured from a full-scale desalination
plant in Western Australia, for the production of xanthine
oxidase enzyme in the presence of hypoxanthine as sub-
strate. The study provides an interesting insight about the
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nature of bacteria that produce this enzyme, which may
offer a potential measure of biological control. Using nat-
urally occurring bacterial enzymes allow the cell machin-
ery to produce them, circumventing the need to add large
quantities of enzyme exogenously which would also be
prohibitively expensive.
Results and discussion
Bench-scale RO experiments demonstrated that xanthine
oxidase improved the permeate flux of treated membranes
(Fig. 1) (Nagaraja et al. 2017). The initial flux of xanthine
oxidase-treated membranes (9!4 l m"2 h"1) was similar
to that of clean membrane (8!9 l m"2 h"1) and higher
than flux across fouled membranes (5!9 l m"2 h"1). The
flux of treated membranes stabilized after an initial
decline during the first 3 h. Over a run time of 20 h, the
average permeate flux was as follows: fouled membrane—
5!7 l m"2 h"1 # 0!8, clean membrane—9!7 l m"2 h"1
# 1!0 and xanthine oxidase-treated membrane—
8!4 l m"2 h"1 # 0!4. There were no significant differ-
ences between average flux of clean and treated mem-
branes (P > 0!05), but the difference between average flux
of fouled and treated membranes was significant
(P < 0!05), indicating that xanthine oxidase treatment
improved permeate flux effectively. The average flux of
treated membranes was 86!7% of the average flux of clean
membranes. The confocal images clearly indicated that a
reduction in biofilm polysaccharides on the membranes
was brought about by the xanthine oxidase enzymes
(Fig. 2) (Nagaraja et al. 2017). Upon investigation and
comparison of membrane biofilm polysaccharides by
CLSM, it was evident that there was a significant decrease
in biofilm polysaccharides (~50%) in treated membranes
compared to that of control fouled membranes. The fluo-
rescent lectin stain used (FITC-conjugated ConA) specifi-
cally stains biofilm polysaccharides containing glucose
and mannose, the most commonly found sugars in mar-
ine bacterial polysaccharides. Therefore, results strongly
suggested that mechanism of xanthine oxidase enzyme
action was mucolytic in nature, likely to be brought about
by physical degradation of polysaccharides. The results
were supported by a recovery in the flux of treated mem-
branes when subjected to RO. Above results support the
potential use of xanthine oxidase producing bacteria as
biological control agents.
Of the 25 bacterial isolates tested, nine strains exhibited
a positive reaction for the production of xanthine oxidase.
Strains that exhibited an average absorbance value ≥0!9
(absorbance of positive control) were identified as xan-
thine oxidase producers. These were Marinomonas sps.
(RSW8), Pseudomonas brenneri (RSW14), Bacillus amy-
loliquefaciens (S5), Exiguobacterium sps. (S8), Bacillus
pumilus (C19), Pseudoalteromonas sps (FSW3), Microbac-
terium sps. (RO16), Staphylococcus saprophyticus (RO25)
and Microbacterium sps. (RO27). The results of the absor-
bance values and positive reactions are presented in Fig. 3
and Table 1. Exiguobacterium (S8) from sand filters and
Microbacterium (RO16) from RO membranes (Fig. 3;
Table 1) showed absorbance values significantly higher
than the positive control indicating production of the
enzyme to higher levels by these two bacterial strains. It
was interesting to note that although both RO27 and
RO16 belong to the genus Microbacterium, they differed
in level of production of xanthine oxidase. Similarly, S5
and C19 of the genus Bacillus produce xanthine oxidase,
whereas other strains of the Bacillus species such as C4,
C14 and C16 tested negative. These results clearly indicate
that there were species and strain variations in the pro-
duction of xanthine oxidase enzyme within members of
the same genus.
Previous evidence of xanthine oxidase production by
marine strains of psychrophilic Exiguobacterium sps.
strain OS-77 (Nonaka et al. 2014), Exiguobacterium acety-
licum (Kim et al. 2005) and thermostable Bacillus pumilus
isolated from a hot spring (Sharma et al. 2016) has been
documented. It is of interest to note that the aforemen-
tioned organisms as well as our isolates that have tested
positive for xanthine oxidase production belong to
extreme environments.
Xanthine oxidase generates reactive oxygen species
(ROS) such as hydrogen peroxide, superoxide radical,
hydroxyl and singlet oxygen, by catalysing the hydroxyla-
tion of hypoxanthine to xanthine; and xanthine to uric























Figure 1 Permeate flux of fouled ( ) xanthine oxidase-treated ( )
and clean ( ) RO membranes. SD values for fouled, xanthine oxidase-
treated and clean RO membranes are within the range of #2!5, #1!5
and #1!2, respectively. [Colour figure can be viewed at wileyonlineli-
brary.com]
Letters in Applied Microbiology 65, 73--81 © 2017 The Society for Applied Microbiology 75
V. Nagaraj et al. Bacterial xanthine oxidase screening for biofouling control
Chapter 7
213
weight of 290 kDa (Kosti!c et al. 2015). There are two
substrate-binding sites in the structure of the enzyme.
Upon contact with hypoxanthine, the enzyme oxidizes the
substrate, converting it into xanthine and subsequently
uric acid (Cos et al. 1998; Candan 2003). Xanthine oxi-
dase is then re-oxidized by molecular oxygen, thus
producing superoxide radicals and hydrogen peroxide, the
latter being the major product of oxidation (Kelley et al.
2010). Superoxides are spontaneously or under the influ-
ence of superoxide dismutase (SOD) converted into
hydrogen peroxide and oxygen (Flemmig et al. 2011). In




























Figure 2 Confocal images of fouled
membrane (a) and xanthine oxidase-treated
membrane (b) after RO run for 20 h in cross-
flow cell with artificial seawater as feed. Bar
graph represents analysis of live/dead cell-
stained CLSM images of same membrane
samples, performed separately. Bars show
fluorescence intensity of live ( ) and dead
cells ( ) in fouled and xanthine oxidase-
treated membranes. [Colour figure can be
viewed at wileyonlinelibrary.com]
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RNA are degraded into purine nucleotides and bases,
which are further metabolised by the enzyme, to xanthine
and uric acid, which in turn generate superoxide radicals.
The by-products of xanthine oxidase-regulated metabo-
lism are free radicals that belong to the category of Reac-
tive Oxygen Species (ROS). As these radicals have
important cell functions and could be quenched in cells,
we previously investigated the effect of exogenously pro-
duced free radicals on membrane polysaccharides by
treating industrially fouled membranes with commercial
xanthine oxidase and hypoxanthine. In a bench-scale
cross-flow RO system, xanthine oxidase- and hypoxan-
thine-treated membranes displayed a permeability recov-
ery of ~83% of that of the clean RO membrane. The
enzyme also effectively reduced biofilm volume by remov-
ing polysachharides (Nagaraja et al. 2017). The break-
down of polymers was more of a physical nature, rather
than cell signalling mechanism. We also analysed the xan-
thine oxidase-treated and fouled membrane biofilms using
live-dead cell staining by CLSM in our recent study
(Nagaraja et al. 2017). It was observed that xanthine oxi-
dase brought about a reduction in the total bacterial cell
count compared to fouled membranes, however, the live-
to-dead cell ratio in treated membranes (1 : 0!59) was
similar to that of fouled membranes (1 : 0!71), suggesting
that biofilm was removed by xanthine oxidase but no sig-
nificant cell death/lysis was observed (Fig. 2). The study
also highlighted the possibility of using xanthine oxidase
and hypoxanthine as a clean in place procedure to effec-
tively disperse polysaccharides by the reactive oxygen
species radicals generated by the enzymatic action.
This study was aimed at detection of xanthine oxidase
producing bacteria, with the perspective of using them as
potential antifouling agents in SWRO systems. Biofouling
on RO membranes is caused by bacteria and their com-
plex EPS matrix which mainly comprises of polysaccha-
rides, proteins, lipids, humic substances and nucleic acids.







































































































































































































































































































































































Figure 3 Average absorbance values of bacterial isolate reactions and controls in the nitroblue tetrazolium assay to detect production of xanthine
oxidase. The wavy blue line represents threshold value for positive reactions. Error bars represent standard deviation of mean absorbance values.
[Colour figure can be viewed at wileyonlinelibrary.com]
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the matrix and are largely responsible for the physical
integrity and strength of the biofilm (Sutherland 1990;
Skillman et al. 1998). Therefore, it is important to break
down the polysaccharides for effective dispersal of bio-
films. As a further investigation into potential biological
control, we were interested in exploring if any of our cul-
ture isolates from the same desalination plant, endoge-
nously produced xanthine oxidase enzyme; and if they
did, they may possibly be used for biological control of
fouling.
Marine bacteria that belong to dense coastal communi-
ties are known to constitute a higher percentage of cul-
tivable quorum quenching strains which include those
with oxidase activity, e.g. Rhodococcus erythropolis and
Bacillus megaterium (Romero et al. 2011). This may be an
evolutionary adaptation to the competitive environment
and strong bacterial interactions within a dense microbial
biofilm community, which is also typical of prefilters and
industrially fouled RO membranes used in our present
study.
Xanthine oxidase is a quorum quenching enzyme that
disperses biofilms; it is possible that in mixed species
environments of the desalination system where there is
high stress, the proportion of bacteria that naturally pro-
duce oxidative enzymes may be higher. This may be a
survival mechanism to release free radicals which not only
inhibit quorum sensing signals that induce biofilm forma-
tion but also physically break down biofilm polysaccha-
rides and disperse biofilms, the latter observation evident
from our study.
The results present some key interesting findings about
the enzyme producing ability of bacteria. Isolates that
belonged to genera Marinomonas (RSW8), Pseudomonas
(RSW14), Bacillus (S5, C19), Exiguobacterium sps. (S8),
Pseudoalteromonas (FSW3), Microbacterium (RO16,
RO27) and Staphylococcus (RO25) produced xanthine oxi-
dase enzyme when cultured in media enriched with
hypoxanthine as the sole source of carbon. Of all the iso-
lates that tested positive, S8 and RO16 produced signifi-
cantly high amounts of xanthine oxidase enzyme
compared to the control. As per previous studies con-
ducted in our laboratory, Microbacterium was one of the
most ubiquitously present organisms in RO membranes
as well as prefilters. Owing to its smaller size, it may be
possible for these bacteria to escape through prefilters
along the fluid dynamic forces of feed water and access
the RO membrane surface. The polysaccharide analysis of
RO16 suggested that the EPS molecules were rich in pro-
teins, which may be responsible for their surfactant prop-
erties (Nagaraj et al. 2016c). The isolate RO16 also
produces a yellow pigment, as observed in our cultures. A
few previous studies suggested that pigments produced by
marine bacteria have antifouling properties (Holmstr€om
et al. 2002; Soliev et al. 2011). The aforementioned prop-
erties along with the production of xanthine oxidase
enzyme may be potentially utilized as a control strategy
to prefoul the membranes with these bacteria along with
other xanthine oxidase producers, and expose them to
hypoxanthine substrate either as an additive in feed water
or by coating the membrane surface. It may be postulated
that the rapid production of free radicals by these organ-
isms upon contact with substrate may assist in mitigating
fouling. However, experiments have to be carried out on
bench scale and pilot scale to demonstrate their use.
Exiguobacterium (S8), isolated from sand filters, also
exhibited a substantial enzyme production activity in our
study. This isolate produces orange-coloured pigments in
culture, which indicates that carotenoid pigments of these
organisms may have antifouling properties. Members of
Exiguobacterium genus have been previously studied for
production of oxidizing enzymes (Nonaka et al. 2014).
Exiguobacterium is yet another potential model for allevia-
tion of fouling using biological control methods in
SWRO systems.
Based on our results, it may be proposed that these iso-
lates could find their use as biological control agents for
Table 1 Positive reactions of bacterial isolates in nitroblue tetrazolium










Sand filters S1/Pseudoalteromonas sps. !
S5/Bacillus amyloliquefaciens +
S8/Exiguobacterium sps. ++







Filtered seawater FSW3/Pseudoalteromonas sps. +
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biofilm dispersal. In a clean system with new membranes,
this may be accomplished by coating the membranes with
one or more of these organisms as primary foulants and
subsequent inclusion of hypoxanthine substrate either in
feed water or membrane surface in standardized doses at
regular intervals, so that there is a continuous production
of free radicals on the membrane surface, which may
effectively loosen and disperse the biofilm forming on the
membranes by the multi-species bacterial community. In
fouled membranes/used systems, it may be feasible to coat
the biofilm surface with hypoxanthine as a clean-in-place
procedure, and thereafter introduce the xanthine oxidase
enzyme producing bacteria on membrane surface to
ensure delivery of free radical generators in situ. The
above methods may prove to be more cost effective than
using expensive synthetic xanthine oxidase, which may be
required in large doses to cover the entire surface area of
membranes in pilot-scale or large-scale experiments. For
initial investigation, synthetic xanthine oxidase was used
to optimize the concentrations required to effectively dis-
perse biofilms, without damaging the membrane structure
or altering salt rejection rates. Based on these findings, we
have explored the possibility of using bacteria from our
culture collection that naturally produce xanthine oxidase.
Due to time constraints, it was not in the scope of this
study to use these isolates for fouling experiments, there-
fore, we have presented the findings to direct future
research in biological control using xanthine oxidase-
producing bacteria. However, bench-scale experiments
have to be carried out initially to prove the efficacy of
these methods.
Materials and methods
RO experiments and Confocal Laser Scanning Microscopy
Bench-scale reverse osmosis experiments were conducted
in a cross-flow RO cell (2!28 mm slot depth, 39 mm slot
width and 42 cm2 membrane surface area) (Nagaraja et
al. 2017). Industrially fouled polyamide membranes were
chosen as the model membranes in this study. The
membranes used in these experiments (Dow FilmTec,
Melbourne, Australia) had been autopsied after a lifespan
of 7 years use in the full-scale plant. Membranes that
were homogenously fouled with visually uniform surface
coverage were selected for RO experiments to minimize
variations due to heterogeneity of biofilms. After initial
soaking of 1 clean and 2 fouled membrane (one of the
fouled membranes was used for xanthine oxidase treat-
ment) samples in deionized (DI) water for 2 h, each of
the membranes was placed in Sterilitech CFO42 cross-
flow RO cell under a constant pressure of 600 psi, flow
rate of 0!54 L/min and cross-flow velocity of 8!5 cm/s at
a constant temperature of 22–23°C to stabilize water
fluxes in the filtration process using 6 L of artificial sea-
water (ASW) as feed. The concentration of sea salts
(Sigma-Aldrich, Sydney, Australia) used was 40 g/L of DI
water to make up the ASW as per manufacturer’s
instructions. The membranes were then taken out of the
cell, placed in a clean Petridish and the surface of one of
the fouled membranes treated with 1 mL of sterile artifi-
cial seawater containing 1 unit xanthine oxidase (Sigma)
plus 100 lmol L"1 hypoxanthine (Sigma) (pH 7!01) for
1 h at 37°C. Control membranes were treated similarly
with sterile artificial seawater. After 1 h, the membrane
surface was gently rinsed with artificial seawater taking
care not to disturb the biofilm surface. Following this the
RO filtration process was carried out for a period of
20 h under similar conditions that were used prior to
treatment. The permeate was collected in a container on
a digital balance (A & D Australasia Pty. Ltd, Melbourne,
Australia); weight change per minute was monitored over
the duration of RO run by a laboratory computer and
the data used for calculation of permeate flux as follows:
J ¼ QP=ASystem;
where J = flux (L m"2 h"1), QP = permeate flow (L h
"1)
and ASystem = active surface area of the membrane.
Statistical analysis was done using a paired t test to
determine significant differences among average permeate
fluxes of fouled, clean and treated membranes at 95%
confidence interval.
Following RO experiments, fouled and treated
membranes were cut into 1 cm2 coupons and stained with
FITC-conjugated ConA (Life Technologies GmbH,
Germany). Confocal laser scanning microscopy was per-
formed as described (Nagaraja et al. 2017) to observe the
effect of enzyme on polysaccharides. Images were captured
in triplicate from various sections of fouled and treated
membrane. Therefore, the quantification of biofilm was a
result of average values. FITC-conjugated ConA staining
was performed on unused clean membranes as a negative
control for CLSM studies. There was no autoflourescence
observed at the concentrations of ConA used in the study
(100 lg ConA FITC per mL of ultrapure water).
Selection of model bacterial strains
Bacteria were initially isolated from different locations of
the Perth Seawater Desalination Plant in Western Aus-
tralia across seasons over a year. These were raw seawater
(RSW), sand/dual media filters (S), cartridge filters (C),
filtered seawater (FSW) and reverse osmosis membranes
(RO). Triplicates of 10 mL aliquots were sampled from
each of 2 L volumes of raw, filtered and polished seawater
samples collected. Triplicates of 2 g aliquots were sampled
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from each of sand, cartridge and membrane samples. All
samples were grown in 30 mL each of enrichment media;
Marine Broth (BD Difco, North Ryde, NSW, Australia)
and Tryptone Soy Broth (Sigma-Aldrich, Sydney, Austra-
lia), and incubated at 25°C for 4–5 days with shaking.
Liquid cultures were streaked onto following solid media;
R2A agar (Thermo Fisher Scientific, Scoresby VIC, Aus-
tralia), Tryptone Soy Agar (Sigma-Aldrich) and Zobell’s
Marine Agar (BD Difco) and incubated at 25°C for
3 days. Resulting bacterial growth was subcultured up to
three times under the same incubation conditions until
single pure colonies were isolated. Over 60 distinct types
of colonies were isolated in pure culture. Most strains
were preserved in TSB and MB at !20°C with the addi-
tion of 0"5% Glycerol. It was observed that a few isolates
from seawater were not viable at !20°C; therefore, they
were stored at 4°C and subcultured into fresh media at
three monthly intervals. Isolates were identified by more
than two methods; 16s gene sequencing, Biolog Gen III
bacterial identification system and MALDI-TOF.
The RO membrane community from 14 autopsied
membrane units of the full-scale plant was characterized
by next-generation sequencing on Illumina Miseq using
barcoded bacterial primers 515F and 806R (Nagaraj et al.
2016a). The membranes had been operational for 7 years
in the plant, therefore, the communities represented a
mature stable biofilm. The culture library was compared
to the biofilm community. Based on prevalence and
apparent role in biofouling, 25 of 64 isolates were selected
as model organisms for further biofouling studies, to rep-
resent the diversity of bacterial cultures across all loca-
tions and that of the full-scale biofilm community
(Nagaraj et al. 2016b).
Xanthine oxidase enzyme assay
The assay for the production of xanthine oxidase enzymes
by bacterial isolates was performed based on the methods
previously described (Agarwal and Banerjee 2009). Assay
was performed in duplicate and average values of absor-
bance calculated. Each of the bacterial isolates was grown
in eight separate Eppendorf tubes for 24 h in 1 mL of
marine broth containing 2 mmol L!1 hypoxanthine as the
sole source of carbon. The concentration of bacterial cul-
ture used was 5 9 107 CFU per mL. The cultures were
centrifuged at 20 000g for 10 min (Eppendorf 5417 cen-
trifuge). The bacterial cell pellets in each tube were lysed
with 150 lL of 1 mol L!1 NaOH, and loaded to eight
separate wells in a 96-well ELISA plate. The reaction mix-
ture of test samples consisted of the following: (1) Bacte-
rial cell pellet lysed with 150 lL of 1 mol L!1 NaOH; (2)
150 lL of Nitroblue Tetrazolium solution (NBT) consist-
ing of (i) 50 mmol L!1 Tris Hcl, pH 7"6, (ii) 2 mmol L!1
hypoxanthine and (iii) 0"5 mmol L!1 Nitroblue Tetra-
zolium (Sigma). Two controls were also set up for com-
parison of absorbance values. The negative control
consisted of (i) 150 lL NBT solution made up with the
same composition as described above for the test reac-
tions; (ii) 150 lL of 1 mol L!1 NaOH. The negative con-
trol was designed to assess the interaction between NBT
and hypoxanthine in alkaline conditions. The positive
control comprised of (i) 0"02 units xanthine oxidase
(Sigma), (ii) 150 lL NBT solution and (iii) 150 lL of
1 mol L!1 NaOH. All the reaction mixtures were incu-
bated for 5 min at room temperature, centrifuged and
absorbance of supernatant measured in a spectrophotome-
ter (Perkin-Elmer, Australia) at wavelength of 570 nm.
Positive reaction was indicated by a colour change
from colourless to blue, due to the production of for-
mazan dye. Oxidation of hypoxanthine in the NBT is
brought about by bacterial xanthine oxidase in test wells
or commercial xanthine oxidase in the positive control.
Superoxides produced during the course of oxidation
converts the tetrazolium salt into a formazan dye, which
imparts a blue colour to the reaction mixture. The colour
change was measured by the absorbance, the intensity of
which is an indicator of the xanthine oxidase enzyme
activity in the corresponding bacterial isolate. Average
absorbance values for each of the isolates and controls
were calculated and results analysed. Strains which
recorded absorbance equal to or greater than that of the
positive control well were identified as enzyme producers.
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The	 research	 objectives	 of	 this	 thesis	 were	 defined	 to	 gain	 a	 better	 understanding	 of	
microbial	 fouling	on	RO	membranes;	 the	significance	of	polysaccharides	and	their	control;	
and	 prospectives	 of	 biological	 control	 measures,	 in	 a	 series	 of	 chapters	 that	 were	
sequentially	linked	to	each	other.	The	outcome	of	each	research	objective	and	an	overview	
of	the	entire	study	is	explained	in	this	chapter.	
8.1			Exploring	 bacterial	 communities	 on	 RO	membrane	 surfaces	 of	 a	 full-
scale	desalination	plant	
	
Chapter	 3	 investigated	 the	 microbial	 community	 on	 RO	 membrane	 surfaces.	 Next-
generation-sequencing	 was	 used	 to	 determine	 the	 community	 composition	 and	 then,	
possible	 behaviours	 were	 ascribed	 to	 the	 taxa	 identified,	 based	 on	 knowledge	 from	 the	
literature.	 Based	 on	 this	 inference,	 and	 the	 possible	 influence	 of	 the	 known	 operational	
conditions	of	 the	 full-scale	plant,	 the	roles	of	 the	detected	taxa	 in	biofilm	formation	were	
speculated.	
	The methods used in NGS identified taxa based on similarity with sequences in a reference 
database. Bacteria	 were	 classified	 based	 on	 these	 similarities	 and	 it	 was	 proposed	 that	
specific	 bacterial	 groups	 may	 have	 a	 role	 as	 primary	 and	 secondary	 colonisers	 based	 on	
existing	literature	about	their	physiological	properties.	 	Some	of	these	properties	were	the	
production	 of	 holdfast,	 also	 known	 as	 nature’s	 strongest	 glue	 or	 bacterial	 superglue	
produced	by	Caulobacterales,	glycosphingolipids	produced	by	sphingomonads	and	nitrate-
reducing	 ability	 of	 Burkholderiales.	 It	 was	 evident	 that	 the	 RO	 membrane	 surface	
environment	selected	not	 just	the	most	resistant	organisms	with	superior	attachment	and	








locations	 along	 the	 entire	 unit.	 The	 variation	 in	 populations	 from	 the	 feed	 end	 of	
membranes	 to	 the	 reject	end,	and	differences	between	visually	 clean	and	 severely	 fouled	
membranes	has	been	well	characterised	in	this	study.	The	findings	pave	the	way	for	further	
work	using	appropriate	sampling,	and	focusing	on	control	strategies	to	target	the	strongest	
biofilm	 formers	 in	 the	 community,	 especially	 primary	 colonisers	 with	 irreversible	






Despite	 the	 advent	 of	 rapid	 highthroughput	 sequencing	 methods	 in	 recent	 years,	 the	
conventional	method	 of	 isolating	 and	 culturing	 bacteria	 is	 still	 important	 for	 bench-scale	
biofilm	studies.	Chapter	4	described	the	diversity	of	cultured	bacterial	populations	of	more	
than	 sixty	 isolates	 across	 different	 locations.	 Identification	 by	 phenotypic	 and	 sequencing	
methods	 revealed	 that	 just	 one	 method	 was	 not	 sufficient	 for	 accurate	 identification	 to	
species-level	 and	 this	 was	mainly	 due	 to	 the	 lack	 of	 an	 extensive	 database	 for	 the	 fairly	














The	organisms	 isolated	 from	the	 full-scale	desalination	plant	were	 fairly	diverse;	however,	
they	 did	 not	 adequately	 represent	 the	 most	 predominant	 bacteria	 found	 in	 the	 biofilm	
community.	 Gammaproteobacteria	 essentially	 dominated	 the	 cultures;	 the	 chapter	
suggested	 reasons	 for	 failure	 to	 isolate	 Alphaproteobacteria,	 which	 formed	 mostly	 the	
primary	colonisers	on	membrane	surfaces.	While	some	genera	like	Pseudomonas	dominated	
both	 membrane	 biofilm	 and	 culture	 communities,	 others	 such	 as	 Sphingomonas	 and	
Sphingopyxis	 failed	 to	 be	 isolated	 in	 culture	 although	 they	 appeared	 to	 be	 crucial	 biofilm	
formers,	 based	 on	 their	 high	 relative	 abundance	 in	 the	 community	 profiles	 of	 mature	
biofilms.	 	 	 To	 overcome	 this	 culture	 bias,	 a	 careful	 selection	 of	 models	 was	 made	 after	
detailed	 comparison	 of	 cultured	 and	 biofilm	 communities	 at	 each	 phylogenetic	 level	 of	
classification.	 Bacterial	 strains,	 thus	 selected	 as	models	 represented	 the	 entire	 culturable	
biofilm	phylogenetic	diversity	on	membranes	and	other	upstream	surfaces.	In	case	of	failure	
to	 retrieve	 the	most	prevalent	 strains	by	culture	methods,	 similarities	 in	characteristics	of	
exopolysaccharides	produced	by	the	predominant	groups	in	membrane	biofilms	and	those	
selected	as	models	were	further	assessed	in	subsequent	chapters.	The	models	thus	selected	
represented	 twelve	 different	 genera.	 The	 comparison	 also	 revealed	 the	 probability	 of	











strains	 cultured	 across	 all	 locations	 of	 the	 desalination	 plant	 and	 those	 representing	 the	
most	important	biofouling	bacteria.		
The	 culture	 library	 of	 model	 organisms	 established	 in	 this	 Chapter	 4,	 was	 a	 critical	
prerequisite	 for	 novel	 studies	 on	 characterization	 of	 the	 bacterial	 exopolysaccharides	 of	
these	 models,	 described	 in	 Chapter	 5.	 Exopolysachharides,	 are	 the	 most	 important	
components	 of	 a	 biofilm	 structure	 that	was	 inhabitant	 on	 the	 SWRO	membrane	 surfaces	





The	 critical	 role	 played	 by	 extracellular	 polysaccharides	 in	 biofouling	 has	 been	 largely	
ignored.	This	 study	was	addressed	 in	Chapter	5,	which	provided	novel	 information	on	 the	
chemical	 composition	 of	 polysaccharides	 extracted	 and	purified	 from	a	 range	of	 bacterial	
strains.	More	than	one	type	of	assay	was	used	to	characterize	the	polysaccharides;	findings	
corroborated	between	enzyme-linked	lectin	assays,	 Ion	chromatography	and	FTIR	analysis.	
The	 key	 findings	 of	 the	 study	 revealed	 the	 presence	 of	 uronic	 acids	 and	 rare	 sugars	 like	
fucose	and	 rhamnose	 in	most	of	 the	bacterial	 polysaccharides.	Rare	 sugars	 are	 important	
constituents	 of	 unique	 bacterial	 polymers	 like	 sphingans,	 gellans	 and	 fucogel	 that	 exhibit	
highly	superior	biofilm	forming	abilities.	These	unique	polymers	are	formed	by	some	of	the	
bacterial	populations	 like	sphingomonads	 that	were	prevalent	 in	 the	genomic	community,	











research	 to	 design	 control	 measures	 using	 compounds	 that	 specifically	 target	
polysaccharides,	 and	 not	 just	 the	 bacterial	 cells.	 As	 a	 primary	 investigation,	 successful	
dispersal	 of	 biofilm	 polysaccharides	 on	 industrially	 fouled	 membranes	 was	 achieved	 in	 a	




biofilms	 on	 industrially	 fouled	 RO	 membrane	 surfaces	 with	 special	
reference	to	free	radical	generating	compounds	
	
Chapter	 6	dealt	with	 the	 control	 and	alleviation	of	 fouling.	 There	 are	 currently	no	 known	
effective	 control	 measures	 that	 target	 polysaccharides.	 Antimicrobials	 that	 lyse	 bacterial	
cells	 are	 the	 most	 commonly	 used	 chemicals,	 with	 unresolved	 problems	 of	 bacterial	
resistance	 attached	 to	 their	 use.	 The	 compound	 DBNPA	 or	 2,2-dibromo-
3nitrilopropionamide	is	a	fast	acting	and	easily	degradable	biocide	that	is	routinely	used	in	
the	 industry.	 DBNPA	 was	 compared	 against	 two	 different	 free-radical-generating	
compounds,	SNP	and	xanthine	oxidase	to	evaluate	the	effect	on	biofilm	dispersal.	The	study	
used	 industrially	 fouled	membranes	as	 the	mature	biofilms,	 the	best	models	 for	a	control	
study.	The	findings	revealed	that	free	radical	generating	compounds,	when	used	as	a	clean-








revealed	a	 reduction	 in	polysaccharide	biovolume	 in	membranes	 treated	with	 free	 radical	
generators	 for	 a	 short	 duration	 of	 time.	 This	 strongly	 suggested	 that	 their	mechanism	 of	
action	was	more	 of	 a	 physical	 nature,	 in	 contrast	 to	 the	 previous	 studies	 that	 emphasize	
their	 role	 in	 cell	 signaling,	 which	 is	 species	 specific.	 The	 physico-chemical	 effect	 of	 free	
radicals	 in	 breaking	 down	 polysaccharides,	 loosening	 and	 dislodging	 biofilms	 has	 a	 great	
potential	for	use	against	a	broad	spectrum	of	microbial	biofilms.		




8.6			Xanthine	 oxidase	 producing	 bacterial	 isolates	 from	 a	 full-scale	




control	 measures	 to	 alleviate	 industrial	 biofouling	 still	 remain	 unexplored.	 It	 is	 now	
understood	 that	 detachment	 and	 destruction	 of	 mature	 biofilms	 is	 a	 survival	 strategy,	
releasing	 bacterial	 cells	 into	 their	 planktonic	 state	 so	 that	 they	 inhabit	 new	 surfaces	with	
better	 nutrient	 availability.	 Detachment	 can	 occur	 through	 the	 production	 of	 oxidizing	
enzymes.	The	production	of	free	radicals	could	assist	in	targeting	biofilm	polysaccharides	to	
enable	cell	detachment.	Xanthine	oxidase	was	shown	to	alleviate	fouling	significantly	in	the	
previous	 chapter;	 therefore	 this	 study	 was	 designed	 to	 screen	 bacterial	 strains	 cultured	
from	 the	 desalination	 plant	 for	 production	 of	 this	 enzyme	 by	 exposing	 them	 to	



































The	 outcome	 of	 this	 research	 study	 provided	 valuable	 novel	 information	 on	 biofouling	 in	
seawater	 reverse	osmosis	 desalination	 systems	and	 created	prospects	 of	 further	 research	
into	control	strategies.		
Ø The	bacterial	community	on	RO	membranes	was	dominated	by	bacteria	with	unique	
biofilm	 forming	 abilities	 by	 virtue	 of	 their	 physiological	 traits	 and	 nature	 of	
polysaccharides.	The	important	classes	were	Caulobacterales	that	attach	irreversibly	
with	 holdfast,	 glycosphingolipid	 producers	 such	 as	 Sphingobacterales,	 Rhizobiales	
and	 Sphingobacteriia,	 nitrate	 reducers	 like	 Burkholderiales	 as	 well	 as	 ubiquitously	
present	 organisms	 like	 Pseudomonadales	 that	 are	 both	 primary	 and	 secondary	
colonisers.	 There	 was	 a	 fairly	 even	 distribution	 of	 Alpha,	 Beta	 and	
Gammaproteobacteria	 within	 the	 community	with	 variations	 based	 on	 location	 of	
membrane	surface.	These	findings	were	contrary	to	previous	findings	that	reported	
an	 alphaproteobacterial	 domination.	 The	 predominance	 of	 Caulobacterales	 as	
significant	primary	colonisers	was	novel	in	this	study.	Previous	studies	have	reported	
the	 predominance	 of	 other	 classes	 such	 as	 Sphingomonadales	 and	Rhizhobiales	 in	
biofilm	communities	of	SWRO	membranes.			
Ø The	cultured	bacterial	population	was	dominated	by	Gammaproteobacteria.	Protein	
profiling	 (MALDI-TOF),	 coupled	 with	 16S	 rRNA	 gene	 sequencing	 proved	 to	 be	 the	







Sphingomonadales	 failed	 to	 be	 retrieved	 in	 cultures,	 suggesting	 the	 need	 to	 alter	
culture	 conditions	 for	 selective	 isolation	 of	 Alphaproteobacteria	 in	 future	
experiments.	 The	 model	 bacteria	 selected	 spanned	 the	 breadth	 of	 diversity	 of	
sampling	location	as	well	as	taxonomic	diversity.	They	were	good	representatives	of	
biofouling	organisms	in	large	scale,	within	the	limitations	of	culture	bias.		
Ø The	 polysaccharide	 structures	 of	 bacterial	 isolates	 revealed	 the	 presence	 of	 some	
rare	 sugars	 like	 uronic	 acids,	 rhamnose	 and	 fucose.	 These	 sugars	 form	 critical	
components	of	viscous	gel	forming	polymers	produced	by	major	biofouling	microbes	
especially	members	of	the	glycosphingolipid	producing	bacteria.	This	is	a	novel	study	
as	 polysaccharides	 responsible	 for	 fouling	 in	 full-scale	 seawater	 reverse	 osmosis	
desalination	systems	have	not	been	characterized	before.		
Ø Free	 radical	 generating	 compounds	 namely	 SNP	 and	 xanthine	 oxidase	 	were	more	
effective	 than	 the	 biocide	 DBNPA	 in	 alleviation	 of	 fouling	 and	 permeate	 flux	
recovery.	 The	 mechanism	 of	 action	 was	 by	 physico-chemical	 degradation	 of	
polysaccharides,	 leading	 to	 loosening	 and	 dispersal	 of	 biofilms.	 This	 finding	 is	
contrary	 to	 previous	 researchers	 who	 suggest	 that	 free	 radicals	 may	 disperse	
biofilms	 by	 a	 cell	 signaling	 mechanism.	 Xanthine	 oxidase	 was	 most	 effective	 in	
reducing	 biovolume	 of	 the	 polysaccharides	 while	 SNP	 brought	 about	 highest	
recovery	of	permeate	 flux	 in	 treated	membranes.	The	use	of	xanthine	oxidase	and	
SNP	on	industrially	fouled	membranes	as	models	was	novel	in	this	study.		
Ø Some	 bacterial	 strains	 such	 as	 Microbacterium	 and	 Exiguobacterium	 produced	













Ø The	 genomic	 bacterial	 communities	 of	 other	 upstream	 locations	 such	 as	 prefilters	
and	 source	 water	 may	 be	 explored	 to	 better	 understand	 the	 origin	 of	 biofouling	
organisms.	These	may	be	done	with	respect	to	temporal	and	seasonal	variations.	




Ø Purified	 polysaccharides	 of	 Sphingomonadales	 and	 Caulobacterales	 (no	 bacterial	
cells)	may	be	used	to	study	fouling	in	seawater	reverse	osmosis	experiments.		
Ø Control	 experiments	 using	 a	 range	 of	 free	 radical	 generators	may	 be	 extended	 to	
pilot	or	full-scale	studies.		
Ø Xanthine	 oxidase	 producing	 bacteria	 cultured	 in	 xanthine	 rich	media	may	 be	 used	
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• This paper compared the fouling in FO and RO membranes by polysaccharide, both commercial and naturally produced ones from the RO plant.
• All the tested naturally occurring polysaccharides improved permeate flux rather than fouling in FO.
• It is important to select representative polysaccharide model for fouling research.
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Extracellular polysaccharides (EPS) have been recognized as significant contributors to membrane biofouling.
This study compared membrane fouling by different commercially available polysaccharides (alginate, a com-
monly used model, as well as xanthan and pullulan) and polysaccharides isolated from naturally adherent ma-
rine bacteria (RSW 8, RSW 12, RSW 14 and FSW 6) in forward osmosis (FO) and reverse osmosis (RO). In FO
experiments, a new approach was developed to maintain stable osmotic pressure by continuously saturating
the sodium chloride draw solution, enabling a direct comparison of fouling in FO and RO. Under identical oper-
ating conditions and feed water chemistry, commercial polysaccharides and naturally produced polysaccharides
fouled the membrane to different extents. For commercial polysaccharides, alginate and xanthan caused more
severe fouling in RO than in FO;while pullulan causedminimal fouling in both processes. In FO, the extent of foul-
ing by three polysaccharides followed the order of xanthan N alginate N pullulan. This could be explained by in-
creased feed solution viscosity following the addition of selected commercial polysaccharides and thus varied
accumulation of polysaccharide on the membrane. In RO, alginate caused the most severe fouling likely due to
the formation of gels in the presence of calcium. By contrast, pullulan which lacks carboxyl functional groups
was negligibly affected by calcium and caused minimal fouling. The polysaccharides naturally produced by ma-
rine bacteria (FSW6, RSW8 and RSW 14) improved permeate flux in FO rather than fouling. This indicated some
polysaccharides could improvemembrane performance. However, in RO the naturally produced polysaccharides
only RSW 14 did not reduce permeate flux but RSW 12 and RSW 8 did cause significant flux decline or fouling.
This study highlights the importance of selecting representative polysaccharide models for fouling research.
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1. Introduction
Desalination technologies have been used increasingly to supply po-
table water, due to population growth and climate change. In 2009,
global desalination capacity grew to approximately 50 million m3 per
day, and is predicted to increase to 95 million m3 per day by 2015 [1].
In the last four decades, reverse osmosis (RO) membrane desalination
has been the primary choice for new plants due to the high quality
and capacity of drinking water production. Today, RO desalination ac-
counts for over 60% of the worldwide desalination capacity installed
[2]. However, since high hydraulic pressure is required to drive water
across the semi-permeable RO membrane, the RO process is energy in-
tensive and costly with additional inherent problems such as mainte-
nance and membrane replacement costs arising from membrane
fouling [3].
Recently, the forward osmosis (FO) process has become an active
area of research with potential for desalination [4,5]. Rather than the
high hydraulic pressure required by the RO process, the FO process in-
stead utilizes an osmotic pressure gradient as driving force for separa-
tion. Compared with pressure-driven processes, FO has considerable
advantages including lower energy input [6], lower fouling propensity,
easier fouling removal [7] and higher water recovery [8]. Nevertheless,
similar to other membrane separation processes, the efficiency of the
FO process is also affected by problems, such as membrane fouling.
The systematic understanding of the fouling behaviours and mecha-
nisms in FO may improve its application in different industries.
Membrane biofouling, or deposition of organic material and biofilm
growth [9], has been recognized as one of challenges for RO and FO sep-
arations. Biofouling deteriorates membrane performance during water
treatment or desalination, resulting in significantly decreased permeate
flux, reducedwater product quality and increased energy consumption.
Bacterial extracellular polymeric substances, represent up to 95% of the
biofilm biomass [10]. Their chemical and physical properties vary con-
siderably; but they are predominantly extracellular polysaccharides
(EPS) [11], from which the major hydraulic resistance offered by the
biofilms is derived [12,13].
A number of studies have investigated themechanisms of biofouling
in RO [9] and more recently, a number of studies have been published
on FO fouling [3,14–17]. However, only a handful of studies have com-
pared polysaccharide fouling in FO and RO [7,18,19]. In 2010, Lee and
co-workers systematically compared FO and RO fouling behaviours per-
formed under identical physicochemical conditions with the exception
of driving force; alginate was used as the model foulant [18]. They sug-
gested fouling in FO was governed by accelerated cake-enhanced os-
motic pressure (CEOP) and the fouling layer was loose and able to be
removed by physical cleaning. Mi and Elimelech explored fouling and
cleaning mechanisms also using alginate as the model foulant by com-
paring membrane separation performances in FO and RO [7]. Recently,
Xie and co-workers compared the role of pressure in organic fouling
of alginate during FO and RO. Permeate drag force and compression of
foulants were considered as the compaction mechanisms during algi-
nate fouling in RO, while only drag force across the alginate fouling
layers was applied as a compressive force in FO [19]. The majority of
previous studies on membrane fouling of either RO or FO used alginate,
which is mainly produced by algae and the bacterium Pseudomonas
aeruginosa and is composed solely of uronic acid residues. However, al-
ginate is atypical of the extracellular polysaccharide foulants produced
by most species of bacteria, especially in a seawater environment [20].
Our recent study [21] has shownmost of the EPS produced by prevalent
fouling bacteria, such as Achromobacter and Xanthomonas in Western
Australia's desalination plants, are composed of neutral sugars rather
than uronic acids [22]. The composition and charge of polysaccharides
will undoubtedly affect fouling behaviour and it is of great importance
to select representative polysaccharides when studying FO and RO
fouling.
The objective of this study was to compare the fouling in FO and RO
of different commercially available polysaccharides and naturally pro-
duced polysaccharides. On the basis of our previous study [21], we se-
lected xanthan as a more suitable commercially available
polysaccharide which contains neutral sugars and is secreted by
Xanthomonas spp. This was compared with the more commonly used
alginate in fouling tests. Alginate forms a gel layer network on themem-
brane surface in the presence of calcium ions, due to the preferential
binding between calcium and carboxylate groups of alginate [14]. A
third commercial polysaccharide, pullulan which lacks carboxylic func-
tional groups was selected for further investigation of the effect of
chemical composition of polysaccharides on fouling. Most importantly,
an additional four polysaccharides produced naturally by seawater bac-
terial species isolated from a full scale desalination plant (RSW 8, RSW
12, RSW 14 and FSW 6) were also compared to determine which of
the commercially availablemodelswere themost representative of nat-
ural foulant behaviour.
The differences in fouling behaviours of the commercially available
and naturally produced polysaccharides were systematically studied
in FO and RO processes. To the best of our knowledge, this is the first
study to compare the fouling behaviour of naturally produced polysac-
charideswith the commonly usedmodel polysaccharides. Furthermore,
while previously reported FO experiments have relied on indirect com-
parison through correction of flux curves to baseline tests [18], in our
study a constantly saturated draw solution in FO was used to produce
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constant and stable driving force and thus avoided the continuous dilu-
tion of draw solution caused by the water transport from the feed solu-
tion side [23]. This enabled direct comparison between FO and RO
fouling.
2. Materials and methods
2.1. Membrane
A commercial forward osmosis (FO) pouch membrane, supplied by
Hydration Technologies Inc. (HTI, Albany, USA), was used in both of for-
ward osmosis (FO) and reverse osmosis (RO) experiments. This type of
membrane is made of cellulose triacetate and cast onto a non-woven
backing consisting of polyethylene-coated polyester fibers. According
to the manufacturer, the membrane has 99% salt rejection when NaCl
was used as the solute and has a range of pH tolerance from 3 to 8.
Prior to use, the membrane was cut into pieces based on the dimen-
sion of the FO and RO cells, and stored in deionized (DI)water overnight
to remove glycerine, which was used to preserve the membrane, prior
to use.
2.2. Commercial polysaccharides and laboratory produced extracellular
polysaccharides
Three types of commercial polysaccharides were used as the foulant
models in this study, namely sodium alginate (200 kDa), xanthan gum
(1000–50,000 kDa) and pullulan (75 kDa), all of which were purchased
from Sigma-Aldrich (USA) and used directly without any purification.
Extracellular polysaccharides (EPS)were purified from four bacterial
species isolated from seawater in Western Australia. The strains were
from raw seawater (RSW8, RSW 12 and RSW 14) and filtered seawater
(FSW 6). These bacterial species have been identified using several
methods including 16S sequencing (Nagaveena Nagaraja unpublished
results). RSW 8 was identified as a Marinomonas species. RSW 14 was
identified as Pseudomonas brenneri/moraviensis. FSW 6 was identified
as a Pseudomonas species. According to the sugar analyses of themono-
saccharides of some isolated polymers (FSW 6, RSW 12 and RSW 14)
using chromatography following acid hydrolysis [24], FSW 6 is com-
posed of glucuronic acid, galacturonic acid, rhamnose and glucose;
RSW14 is composed of glucuronic acid, galacturonic acid, sucrose ribose
and galactose; RSW 12 is majorly composed of fucose, galactose, xylose
and galacturonic acid. And RSW 8 has a significant amount of fucose by
enzyme linked lectin assay. The cultures were grown in commercially
available media, Marine Broth or Marine Agar (Becton Dickinson,
USA), which is similar to seawater with some additional nutrients. An-
other richer media, Trypticase Soy Broth (Becton Dickinson, USA), was
more effective for the RSW 8 strain.
The protocol used for EPS preparation was modified from a method
in previous study [25]. The bacteria were grown on the liquid media on
an orbital shaker at 160 rpm for N3 days. The cultures were then centri-
fuged at 14,000 rpm for 30 min; after which the supernatant was col-
lected, followed by the addition of Trichloroacetic acid [26], which was
ACS reagent grade (Sigma-Aldrich, USA), with a weight concentration
of 20 g/100 mL to precipitate proteins in the solution by centrifugation
and decanting the supernatant. The collected supernatant was then
added to cold acetone with the volume ratio of 3:1 between acetone
and supernatant to precipitate the polysaccharides. The acetone/super-
natant mixture was stored at−20 °C to improve precipitation. The pre-
cipitated polysaccharides were collected again by centrifugation at
14,000 rpm for 30 min. To remove all traces of acetone and salt, the
polysaccharides were dissolved in a small amount of distilled water,
and dialyzed in dialysis tubing against water for 48 h.
2.3. Bench-scale reverse osmosis and forward osmosis systems
The membrane fouling behaviours of polysaccharides were investi-
gated in bench-scale RO and FO cross-flow systems (Fig. 1). Fig.
1(a) shows a schematic diagram of bench-scale RO system; in which a
Sterlitech CF042 cross-flow RO cell (9.207 cm in length, 4.572 cm in
width, and 0.23 cm in depth) with an effective membrane area of
42 cm2was used. No spacerwas used in the RO cell. Themembrane cou-
pon was housed in the RO cell with the active layer facing downwards
against the feed solution, which was transported by using a hydra-cell
pump (B Line Pumps Pty. Ltd, AU). The cross-flow velocity of the solu-
tion was monitored by a flow meter (GEC-Elliott Process Instruments
Ltd, Croydon, UK). The temperature of the feed solutionwasmaintained
at 25 ± 1 °C by passing it through a coil in a refrigerated water bath
(Thermoline Scientific, Pty. Ltd, AU). The permeate produced during
the RO process was collected in a container on a digital balance (A & D
Australasia Pty. Ltd, AU); weight change was monitored and recorded
by a laboratory computer. In order to match the gradual increase in
the feed solution concentration which occurred in FO, the permeate in
the RO process was not recycled back to the feed [18].
(a) RO system (b) FO system
Fig. 1. Schematic diagrams of bench-scale (a) reverse osmosis (RO) and (b) forward osmosis (FO) systems.
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Fig. 1(b) shows a schematic diagramof the bench-scale FO system; a
similar systemhad been used in other studies [27,28]. The cross-flow FO
cell had the same dimensions as the RO cell, but with two symmetrical
channels on both sides of the membrane for co-current flows of feed
and draw solutions. Similarly, no spacer was used in the FO cell. For bet-
ter comparisonwith RO process, themembranewas placedwith the ac-
tive layer downwards against the feed solution. Two Masterflex
peristaltic pumps (Cole-Parmer, USA)were used to transport and adjust
the cross-flow of the feed and draw solutions. The temperatures in both
feed and draw solutions were controlled by passing them through coils
in a refrigerated water bath (Thermoline Scientific, Pty. Ltd, AU). The
draw solution tank was placed on a digital balance (A & D Australasia
Pty. Ltd, AU); weight changewas continuously recorded by a laboratory
computer. A draw solution tank containing constantly saturated NaCl
draw solution (as shown in Fig. 2) enabled vastly superior comparisons
of the FO and RO systems and is crucial to the development of the new
mathematical models to describe polysaccharide membrane fouling.
The input tube withdrew constantly saturated draw solution with a fil-
ter preventing solid salt entering the system. During the FO process, sat-
urated draw solutionwas diluted bywater permeate and then returned
to the draw solution tank via the output tube. A separator made from
polyethylene, which has outstanding resistance to salt corrosion, was
used to make sure the diluted draw solution flowed down along the
tank bottom, contacting the solid salt at the bottom and then dissolved
the salt to become saturated again (shown as the arrow in Fig. 2).
The draw solution was assumed to be constantly saturated. In the
experiments, given that the cross-flowvelocitywas 8.5 cm/s, equivalent
to about 8.93mL/s as the flow rate of draw solution over 1.05 cm2 cross
section area of the membrane cell. On the other hand, the maximum
permeate fluxwas about 9.5 L/(m2·h) through the effective membrane
area 42 cm2, that is 0.011mL/s ofwaterwas driven to the draw solution.
As a result, in every second only 0.011mLwaterwas added into 8.93mL
saturated draw solution. Such instant dilution could be negligible.
Moreover, the negligibly diluted draw solution constantly contacted
solid salt. It is reasonable to consider the solution to become saturated
afterwards.
To evaluate FO using constantly saturated NaCl draw solution, the
baseline experiment (denoted as FO baseline-S) was carried out and
compared with that in RO (denoted as RO baseline) operated under
the same conditions, including temperature, initial water flux and
cross-flow velocity and feed water chemistry. For comparison, another
FO baseline test (denoted as FO baseline-I) was conducted using the
same FO setup (Figs. 1b and 2) without the addition of excess solid
salt in the draw solution tank; but using initially saturated NaCl solution
as the draw solution. During FO baseline-I, the draw solution was con-
tinuously diluted by the water transported through the membrane
(permeate) from the feed to the draw solution.
2.4. Fouling tests
The operational conditions (i.e. temperature, initial water flux and
cross-flow velocity) and feed water composition (i.e. feed volume,
ionic strength and calcium concentration) during FO and RO fouling
tests were kept identical for comparing fouling behaviours. In a typical
FO or RO fouling test, the cross-flow velocity and temperature of solu-
tion were set at 8.5 cm/s and maintained at 25 ± 1 °C. In FO, the use
of constantly saturated NaCl solution as draw solution generated an ini-
tial flux of ~9.5 L/(m2·h). To achieve a similar initial flux in RO fouling
test, the hydraulic pressure of 400 psi (2757.9 kPa) was utilized. 10 L
feed solution containing 1 mM Ca2+ ions was adjusted to 50 mM total
ionic strength by adding NaCl [18]. The concentration of both commer-
cial polysaccharides (e.g. alginate, xanthan or pullulan) and naturally
produced extracellular polysaccharides (RSW 8, RSW 12, RSW 14 and
FSW6) tested in all FO and RO experiments was 0.20 g/L. The viscosities
of feed solution consisting of different foulants weremeasured by using
Gilmont® Instruments falling-ball viscometer Model GV-2200 (glass
ball size #3, GF-1332-P; Thermoline Scientific, Pty. Ltd, AU).
Before RO or FO fouling test, the membrane was firstly compacted
with DI water for 2 h, followed by 2 h stabilization and equilibration
with the use of foulant-free electrolyte solution, which had 1 mM
Ca2+ ions and 50 mM ionic strength. After a stable permeate flux was
observed, the foulant was added into the feed solution. Unless specified,
all the fouling tests lasted for 24 h.
The RO or FO baseline (control) test followed the same protocol as
that in the fouling experiments, except that therewas nopolysaccharide
foulant in the feed solution. The difference in flux decline between the
baseline test (control) and corresponding fouling test represents the
permeate reduction caused by polysaccharide fouling.
2.5. Characterization and calculation
2.5.1. Water flux
Generally, the volume changes of permeate as a function of time are








where Jt is the water flux (LMH or L·m−2·h−1) at time t (h), Am is the
effective membrane area (m2, Am = 0.0042 m2 in this study), V is the
volume of the collected permeate (L), and t is the time for collecting
the permeate (s).
As variation exists among different membranes, the normalized flux
Jt/J0 calculated based on the ratio between Jt and J0 was used to evaluate
themembrane fouling extent; J0was obtained after the stabilization and
equilibration finished in the fouling test.
2.5.2. Salt rejection by membrane
Solute rejection by the membrane was calculated using the RO sys-





where Cp and Cf were the conductivity of permeate and the initial con-
ductivity of the feed solution, respectively (μs). In this study, the lowest
rejection coefficient of NaCl by the membrane tested in was 98.8%.
In this study, conductivity of the feed solution and permeate (con-
ductivity of draw solution in FOwas notmeasured due to its saturation)
wasmeasured at the beginning and the end of the fouling tests to calcu-
late the salt rejection and check the intactness of the membrane.Fig. 2. Schematic diagram of draw solution tank.
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2.5.3. Determination of naturally produced polysaccharide solution
concentration
Concentration of the collected polysaccharide solutions was mea-
sured. The weight of an empty little tube was measured and recorded
as W0. 1 mL polysaccharide solution was extracted and put into the
tube. The liquid was evaporated in Savant speed vac concentrator
(Thermo Fisher Scientific, Inc., AU) to dry the polysaccharide for over
4 h. After the polysaccharide was dried, the weight of the tube with
the dried polysaccharide was measured, and recorded as W1. The
weight difference betweenW0 andW1 is the weight of the polysaccha-
ride. And the concentration of the polysaccharide (Cpolysaccharide) was
then calculated:
Cpolysaccharide ¼ W1–W0ð Þ=mL ð3Þ
The concentration of the polysaccharide solutionwas obtained as an
average concentration of six samples.
2.5.4. Foulant deposit weight
The weight of polysaccharide deposited on the membrane surface
after 24 h fouling test, Wfoulant, was calculated based on Eq. (4):
Wfoulant¼ Wd–Wi ð4Þ
where Wd is the weight of the fouled membrane after a fouling test,
whichwas dried at 54.0 °C in a ConthermDigital Series incubator (Ther-
mo Fisher Scientific, Inc., AU); whileWi is theweight of the driedmem-
brane after the baseline test.
3. Results and discussion
3.1. FO process using constantly saturated draw solution
The normalized fluxes were compared in the baseline experiments
between RO and FO, in which only NaCl and CaCl2 were utilized as sol-
utes in the feed solution in the absence of polysaccharide foulants [18].
In all tests (RO baseline, FO baseline-S and FO baseline-I), a NaCl draw
solution or a hydraulic pressure of 400 psi (equivalent to 2757.9 kPa)
wasmaintained to generate sufficient driving force for water to perme-
ate the semipermeable FO membrane. The initial flux was adjusted to
9.5 L/(m2·h) for the baseline and subsequent polysaccharide fouling
tests.
The fluxes in RO baseline test remained almost constant throughout
the 24 h operation with a slight decrease of ~5.6% (Fig. 3). This is attrib-
uted to the continuous recycling of concentrated feed solution back to
the feed tank, gradually increasing the osmotic pressure of the feed so-
lution during the experiment [18]. Membrane compaction under hy-
draulic pressure may also have contributed to the slight decrease
observed.
To better compare polysaccharide fouling behaviours in FO and RO
tests, instead of the commonly used approach of a high concentration
draw solution e.g. 5.0 MNaCl [18], which is continuously diluted during
separation, a constantly saturated NaCl draw solution was used,
outlined in Fig. 2. The draw solution was considered to be constantly
saturated. In the experiments (FO baseline-S in Fig. 3), the cross-flow
velocity was 8.5 cm/s, equivalent to about 8.93 mL/s flow rate of draw
solution over 1.05 cm2 (4.572 cm in width, and 0.23 cm in depth)
cross sectional area of the membrane cell. The initial permeate flux
was about 9.5 L/(m2·h) through the effective membrane area 42 cm2,
equivalent to 0.011 mL/s of water driven to the draw solution. As a re-
sult in each second, only 0.011 mL water permeate was added to
8.93 mL saturated draw solution. Such a dilution could be considered
negligible. Moreover, the marginally diluted draw solution constantly
contacts undissolved salt at the bottom of the draw solution tank (Fig.
2) resulting in resaturation.
The flux observed using this constantly saturated draw solution was
stable (FO baseline-S in Fig. 3) and was only moderately reduced to
93.9% of the initial flux after 24 h, very close to the flux in the RO base-
line test (94.4%). The osmotic pressure of feed solution likely increased
in FO baseline-S test, due to the semi-permeable FOmembrane allowing
water to transport through from the feed to the draw solution side but
rejecting salts.Moreover, the reverse solute diffusion from the constant-
ly saturated draw solution to the feed solution could result in a higher
osmotic pressure of the feed. Thereby, on the basis of unchanged osmot-
ic pressure arising from the continuously saturated NaCl draw solution,
the increased osmotic pressure of the feed eventually led to lower trans-
membrane pressure difference and flux decline [18,36–39]. It is noted
that, despite flux decrease throughout the FO baseline-S process (Fig.
3), it closely resembled flux observed in the RO baseline test. By con-
trast, using only initially saturated NaCl draw solution (FO baseline-I
in Fig. 3) resulted in approximately 25% flux decline over 24 h, due to
the gradual dilution of draw solution and resultant increase of osmotic
pressure of the feed solution. The use of constantly saturated NaCl solu-
tionminimizedmembranefluxdecline and enabled a direct comparison
between FO and RO processes.
3.2. Polysaccharide fouling in RO
3.2.1. Membrane fouling by commercial polysaccharides in RO
The fouling behaviours of the commercial polysaccharides in RO are
presented in Figs. 4 and 5. The flux reduction caused by alginatewas the
most severe; whereas no flux decline was observed using pullulan as
the foulant (Fig. 4). The correlation betweenweight of commercial poly-
saccharide deposited on the membrane surface (Wfoulant), and the nor-
malized flux after 24 h is presented in Fig. 5. The viscosity of feed
solution in the presence or absence of foulants is shown in Fig. 6. The
more polysaccharide deposited (Wfoulant), the lower the flux (Jv/J0); of
the polysaccharides tested, alginate deposition caused the most signifi-
cant reduction of flux. The different physical or chemical properties of
the gel layers of each polysaccharide likely explain the differences
under RO experimental conditions.
Alginate is commonly used as a model microbial polysaccharide in
membrane fouling research. It consists of a linear copolymer of (1,4)-
linked β-D-mannuronate and α-L-guluronate in varying proportions
and combinations [40]; Fig. 7a shows the structure for a typical repeat
unit block [41]. Previous studies have shown Ca2+ ions bind to carbox-
ylic groups in guluronate units in alginate [42,43]; and form bridges be-























Fig. 3. Comparison of normalized flux versus operation time in FO and RO baseline
experiments in the absence of foulants. The RO test (RO baseline) was conducted with a
hydraulic pressure of 400 psi; while FO test was carried out by using constantly (FO
baseline-S) or initially (FO baseline-I) saturated NaCl solutions as draw solutions. All
runs were performed under identical conditions: initial flux of 9.5 L/(m2·h); cross-flow
velocity of 8.5 cm/s; solution temperature of 25 ± 1 °C; feed solution consisting of
1 mM Ca2+ and 50 mM total ionic strength.
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crosslink gel network [14,44,45]. In the RO tests, under relatively high
hydraulic pressure utilized as the driving force, therewas a dramatically
increased concentration of alginate macromolecules and Ca2+ on the
membrane surface [18], forming a densely crosslinked gel layer, which
increased membrane hydraulic resistance and reduced water fluxes in
the RO process.
A more typical bacterial polysaccharide, xanthan, caused less severe
fouling compared to alginate (Fig. 4). Xanthan has pentasaccharide re-
peating units consisting of D-glucose, D-mannose and glucuronic acid
units linked through the β-1,4 position; its linear backbone is similar
to cellulose [46]. Typically its backbone also contains carboxylic func-
tional groups. Therefore, there could be interactions between the car-
boxylic groups and Ca2+ during RO fouling, generating a crosslinked
macromolecular network, increasing membrane hydraulic resistance,
and reducing water permeation. The density of carboxylic functional
groups along xanthan macromolecules is less than that of alginate,
thus possibly forming a looser gel layer. Consequently, despite the
greater viscosity of xanthan solution resulting from its high MW (Fig.
6) and accumulation of xanthan on the membrane surface, the forma-
tion of a less dense gel layer could explain the lower extent of fouling
caused by xanthan compared to alginate.
In fouling testswith alginate or xanthan,flux plateaued beyond20 h,
suggesting limiting flux was reached. This finding is supported by Tang
and colleagues' work and may result from the difference between the
positive hydrodynamic drag force (Fdrag) induced by convective perme-
ate flow and the barrier force (Fbarrier) induced by foulant-membrane or
foulant-foulant interaction [47,48]. When Fdrag is greater than Fbarrier,
the foulant rapidly accumulates on themembrane surface, thus increas-
ing barrier forces and reducing flux. For instance, the flux in the pres-
ence of alginate foulant declines by 30% within 20 h. By prolonging
filtration time, the continuous accumulation of the foulant may reduce
Fdrag, and increase Fbarrier. At the point of Fdrag nearly equalizing Fbarrier,
limiting fluxes are reached; this is evidenced by the normalized fluxes
fluctuating at a constant level after 20 h observed in our alginate or
xanthan fouling test (Fig. 4).
Unlike xanthan and alginate, the normalized fluxes (Fig. 4) obtained
in the pullulan fouling test fluctuated around 1 throughout the whole
RO test, suggesting pullulan did not cause fouling. This is supported by
the observed foulant weight measured after 24 h RO test (Fig. 5).
Pullulan lacks carboxylic functional groups (Fig. 7c) and cannot interact
with Ca2+ and form densely crosslinkedmacropolymer layers on top of
the RO membrane. Furthermore, the relatively low viscosity arising
from its lowMW(Fig. 6), comparedwith alginate and xanthan solution,
may exert little effect of gel or macromolecule accumulation on the
membrane surface. Therefore, almost no fouling was observed for
pullulan foulant in the presence of Ca2+. Surprisingly, the use of
pullulan even seemed to slightly increase permeate flux between 6 h
and 18 h in the RO test (Fig. 4); perhaps due to the improved hydrophi-
licity and smoothness of the resultingmembrane surface, caused by the
deposition of hydrophilic pullulan on the FOmembrane duringfiltration
[49]. A similar phenomenon has also been reported in the literature
when utilizing hydrophilic polymer, e.g. polyvinyl alcohol, to modify
membrane surfaces [50]. After 10 h, the normalized flux slightly de-
creased. A small reduction of normalized flux (5%) was recorded be-
tween 18 h and 24 h. This was likely due to the enhanced osmotic
pressure as some ions from the feed solution were captured by pullulan
on the membrane surface. This was supported by the decreased salt re-
jection from 99.35% to 98.80%. As pullulan deposited on the membrane
surface under the effect of flux, it was likely to capture the ions from the
feed solution to the membrane. As a result, the osmotic pressure on the
membrane surface increased, leading to decreased flux, which eventu-
ally overcame the small increase in flux evident between 0 and 10 h.
3.2.2. Comparison ofmembrane fouling by commercial polysaccharides and
naturally produced polysaccharides in RO
The fouling behaviours of the commercial polysaccharides differ. It is
of great interest to investigate the fouling propensity of polysaccharides





















Fig. 4. Comparison of normalized flux in RO of different polysaccharide foulants (alginate,
xanthan and pullulan) against a control with no polysaccharide foulant (RO baseline). A
hydraulic pressure of 400 psi (2757.9 kPa) was applied. Other experimental conditions
included: polysaccharide concentration of 0.20 g/L; initial flux of 9.5 L/(m2·h); cross-
flow velocity of 8.5 cm/s; solution temperature of 25 ± 1 °C; feed solution consisting of





















Fig. 5. Correlation betweenWfoulant, weight of polysaccharide deposit, and the normalized
flux after 24 h RO test.















Fig. 6. Viscosity of solution in absence or presence of different commercially available
polysaccharides (0.2 g/L).
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any, commercially available polysaccharides are good models for foul-
ing studies. Our research group has a large culture collection of naturally
occurring bacteria isolated from a full scale RO plant in Western
Australia. Polysaccharides (EPS) produced by these bacteria have been
isolated and purified. Some analysis of their monosaccharides has
been completed (Nagaveena Nagaraja unpublished results). Alginate is
largely composed of glucuronic acid and galacturonic acid; pullulan is
a glucan and composed of glucose residues; and xanthan contains the
sugars glucuronic acid, glucose and mannose. The two naturally occur-
ring bacterial polysaccharides, FSW 6 and RSW 14 are
heteropolysaccharides composed of several monosaccharide units in-
cluding the charged sugars glucuronic and galacturonic acid, and the
neutral sugar glucose, while RSW 14 also contained galactose and ri-
bose. Based on these sugar composition and charge, alginate is atypical
of the naturally produced polysaccharides with xanthanmore similar in
composition e.g. several monosaccharides, some charged and some
neutral.
Membrane fouling in reverse osmosis (RO) by the commercial poly-
saccharides (alginate, xanthan and pullulan) and three polysaccharides
isolated from adherent bacteria in a desalination plant (RSW 8, RSW 12
and RSW 14) were compared over 4 h at a concentration of 0.2 g/L (Fig.
8). Alginate caused greatest flux decline and the most severe fouling
likely due to formation of Ca-alginate gels. As presented previously,
pullulan did not causefluxdecline. However, two of the naturally occur-
ring polysaccharides, RSW 8 and RSW 12, caused fouling, suggesting
these polysaccharides accumulated on membrane surface. The extent
of fouling by the naturally produced polysaccharides also differed.
While RSW 14 did not cause fouling; RSW 8 causedmore severe fouling
than RSW12, but its fouling extent was still much lower than that of al-
ginate (Fig. 8). This indicates that alginate is an atypical model in
Fig. 7. Chemical structures of the commercial polysaccharide blocks: (a) alginate, (b) xanthan and (c) pullulan. [41,51,52].
Fig. 8. Comparison of membrane fouling by commercial polysaccharides and naturally
produced polysaccharide within 4 h fouling tests. A hydraulic pressure of 400 psi
(2757.9 kPa) was applied. Other experimental conditions included: initial flux of 9.5 L/
(m2·h); cross-flow velocity of 8.5 cm/s; solution temperature of 25 ± 1 °C; feed
solution consisting of 1 mM Ca2+ ions and 50 mM total ionic strength by adding NaCl;
all polysaccharide concentration of 0.2 g/L.
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membrane fouling and a more typical model should be considered in
experimental design.
This is the first study to compare the naturally occurring polysaccha-
rides with commonly used and commercially available model polysac-
charides. Some of the naturally occurring polysaccharides (RSW 8 and
RSW 12) caused permeate flux decline. Based on these results, we sug-
gest that xanthan would be a better model foulant than alginate. The
charge and interactions of alginate molecules with ions (e.g. calcium)
may not accurately reflect the fouling behaviour of naturally occurring
polysaccharides on RO membranes. Furthermore, if an unsuitable
model foulant is used, potential methods for biofouling alleviation
may be over or underestimated.
3.3. Polysaccharide fouling in FO process
3.3.1. Membrane fouling by commercial polysaccharides in FO
Fig. 9 compares the normalized flux obtained from FO fouling tests
with the use of different commercial polysaccharides, e.g. alginate,
xanthan, and pullulan. As previously outlined, the chemical structure
and resulting physical properties of polysaccharides affect fouling be-
haviours in RO. Crosslinked polysaccharides (alginate and xanthan) re-
sulted in greater fouling and permeate flux decline compared to
pullulan. Pullulan caused negligible fouling compared to the control. In-
terestingly in FO, xanthan causedmore severe fouling than alginate. The
flux declined 14% after 24 h; while only ~8% of flux reduction was ob-
served with alginate as foulant. Solution viscosity is a critical factor
governing the different fouling behaviours of polysaccharides in FO. Vis-
cosity of the commercial polysaccharide solutions followed the order
xanthan N alginate N pullulan (Fig. 6), consistent with previous studies
that polysaccharides of larger MWs had higher solution viscosities [53,
54]. The relationship between weight of polysaccharide deposit and
normalized flux after 24 h in FO revealed the weight of xanthan foulant
was greatest, followed by alginate and then pullulan (Fig. 10). Xanthan,
which has largest MW (1000 kDa–50,000 kDa) and highest viscosity in
solution, caused the most severe flux decline in FO. Polysaccharides
with high MW in the feed solution may reduce the shear force generat-
ed by the cross-flow velocity and promote the accumulation of polysac-
charides, resulting in greater fouling [45,55]. In particular, as xanthan
accumulates on the membrane, its concentration near the surface in-
creases and so does its viscosity. Therefore, it accelerates the polysac-
charide deposition, making the fouling more pronounced and
reducing water permeation until the limiting flux is reached. After
20 h in FO, relatively constant fluxes were observed in both alginate
and xanthan fouling tests, suggesting further accumulation of
polysaccharide became negligible under the shear force caused by
cross-flow [56].
3.3.2. Comparison ofmembrane fouling by commercial polysaccharides and
naturally produced polysaccharides in FO
In FO, all three commercial polysaccharides caused some fouling,
while the three naturally produced polysaccharides did not cause foul-
ing (Fig. 11). In these short-term fouling tests (4 h), alginate caused
the most severe fouling among the three commercial polysaccharides.
Again, this could be explained by the bridging and gel formation of algi-
nate by Ca2+ ions. Compared to xanthan and pullulan, alginate pos-
sessed the most negatively charged carboxylic functional groups,
which may have enabled alginate to quickly accumulate on the mem-
brane surface. By contrast, pullulan molecules are neutral (Fig. 7), per-
haps explaining their minimal fouling effect. Interestingly, none of the
naturally occurring polysaccharides caused fouling in the FO process.
FSW 6 and RSW 14 caused an increase in permeate flux, probably due
to the deposition of these naturally occurring polysaccharides on the
FO membrane surface during filtration, which may modify the
Fig. 9. Normalized flux obtained from the FO baseline and polysaccharide fouling tests.
Constantly saturated NaCl solution was used as draw solution. Other experimental
conditions included: polysaccharide concentration of 0.20 g/L; initial flux of 9.5 L/
(m2·h); cross-flow velocity of 8.5 cm/s; solution temperature of 25 ± 1 °C; feed
solution consisting of 1 mM Ca2+ and 50 mM total ionic strength.
Fig. 10. Relationship between the weight of polysaccharide deposit and normalized flux
after 24 h FO.
Fig. 11. Comparison of forward osmosis (FO) fouling by commercial polysaccharides and
polysaccharides isolated from naturally adherent bacteria in a seawater desalination
plant. Three kinds of commercial polysaccharides, alginate, xanthan and pullulan, and
three polysaccharides isolated from naturally adherent bacteria, FSW 6, RSW 8 and RSW
14, were used as foulants. Constantly saturated NaCl solution was used as draw solution.
Other experimental conditions included: polysaccharide concentration of 0.2 g/L; initial
flux of 9.5 L/(m2·h); cross-flow velocity of 8.5 cm/s; solution temperature of 25 ± 1 °C;
feed solution consisting of 1 mM Ca2+ ions and 50 mM total ionic strength.
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membrane surface. This indicates some polysaccharides could improve
membrane performance. The difference in fouling behaviour of the
model polysaccharides and naturally produced polysaccharides in FO
again demonstrate that alginate is a poor model and atypical of FO
membrane fouling.
3.4. Comparison of polysaccharide fouling in FO and RO
3.4.1. Comparison of membrane fouling by commercial polysaccharides in
FO and RO
The normalized flux decline after 24 h in FO and RO processes using
commercially available model polysaccharide foulants (Fig. 12a) and
weight of the deposited polysaccharide (Fig. 12b) were compared.
Both alginate and xanthan accumulated more on the membrane in RO
than FO. The weight of the deposited alginate in RO was about double
of that in FO; while the weight of the deposited xanthan in RO was
about 30% greater than that in FO (Fig. 12b). The deposit of pullulan
was negligible in both FO and RO. The results were consistent with the
flux decline observed during polysaccharide fouling tests (Fig. 12a).
The use of pullulan caused almost no fouling during separation. Hence,
the weight of foulant deposit is suggested as an indicator of membrane
fouling in both FO and RO; if more deposit is present, membrane fouling
is more severe.
This conflicts with some previous reports [7,18]. For instance, it was
found that alginate caused greater flux decline in FO relative to the RO
process; which was attributed to cake-enhanced osmotic pressure
(CEOP) [18,33,57]. In their work, 5 M NaCl was used as the draw solu-
tion in FO, which was continuously diluted by permeate. Reverse diffu-
sion of salt from the draw solution to feed solution was hindered by the
fouling layer, thus elevating osmotic pressure near the activemembrane
surface and subsequently reducing driving force across membrane.
However, we found alginate caused a 16% greater flux decline in RO
compared to FO (Fig. 12a). This could be explained by the superior FO
separation protocol which used constantly saturated NaCl solution as
a draw solution. Although, reverse diffusion of salt still occurred and
salt was trapped within the fouling (gel) layer (CEOP), the consistently
high osmotic pressureminimized the substantial drop in the net osmot-
ic pressure difference moderating flux decline. Moreover, because os-
motic pressure gradient was the driving force, alginate fouling (gel)
layer formed on the membrane active surface during FO process was
likely looser and thicker, compared with that observed in RO process.
Fouling of the loose, thick layer was reversible [7,18]. Therefore, we sus-
pect that some of the alginate fouling layer, especially the top is loose
and sparse at the surface and likely to be removed by shear forces. By
contrast, this effect is not evident in the RO process. As hydraulic pres-
sure works as the driving force in RO, the alginate fouling layer on the
membrane surface is more compact [19]. This is further evidenced by
comparing the weight of alginate deposit on the membrane surface
after FO and RO tests (seen in Fig. 12b); the RO-induced foulant weight
is over double of that following FO. The compact and cohesive fouling
layer formed during the RO fouling run reduces water flux more signif-
icantly, coupled with CEOP effect. This mechanismmay also explain the
similar normalized flux decline caused by xanthan in both RO and FO
processes.
Alginate is commonly selected as a model organic membrane
foulant. Our studies suggest that its unusual chemical structure and
physical properties result in atypical fouling behaviour and other
models, such as xanthan would be better suited to research in desalina-
tion membrane fouling and development of antifouling membranes.
The fact that the membrane fouling in both of FO and RO varies in the
presence of different polysaccharides implies the importance of
selecting representative polysaccharide foulant models. Our study pro-
vides thefirst insight into the variability of fouling of naturally occurring
polysaccharides and commonly used models; more work is continuing
into mixtures of different polysaccharides in fouling tests, which may
better simulate actual fouling.
3.4.2. Comparison of membrane fouling by naturally produced polysaccha-
rides in FO and RO
Membrane fouling in forward osmosis (FO) and reverse osmosis
(RO) using the naturally produced polysaccharide, RSW 8 and RSW
14, as foulantswere compared (Fig. 13). RSW8 (Fig. 13a) caused fouling
in the RO process but not in the FO process;while RSW14 (Fig. 13b) did
not cause fouling in either of the processes. These results and those pre-
sented above (Fig. 12a) suggest the fouling behaviour of polysaccha-
rides in FO and RO under identical operating conditions and feed
water chemistry vary. Therefore, it is very important to select represen-
tative polysaccharide foulant models for each process.
4. Conclusions
This study comparedmembrane fouling of different polysaccharides
in RO and FO using saturated draw solution in FO to improve direct
comparison. It is the first report to compare different commercial poly-
saccharides (alginate, xanthan and pullulan) and naturally produced
polysaccharides (RSW 8, RSW 12, RSW 14 and FSW 6). In RO, alginate
caused most significant fouling due to the formation of Ca-alginate
gels, followed by xanthan. Pullulan, a neutral glucan, marginally im-
proved permeate flux. Two of the naturally occurring polysaccharides
caused RO membrane fouling (RSW 8 N RSW 12) while the third, RSW
14, did not cause fouling in RO. In FO, fouling was more severe for
xanthan, followed by alginate and lastly, pullulan. This could largely
be attributed to differences in solution viscosity. Polysaccharides with
a higher solution viscosity adsorbed and accumulated on themembrane
surface and caused more significant fouling. All the tested naturally oc-
curring polysaccharides, to different extents, improved permeateflux in
FO. This study highlights the importance of selecting representative





















Fig. 12. Comparison of normalized flux decline (a) and weight of polysaccharide deposit (b) after 24 h FO and RO fouling tests.
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Fig. 13.Comparison ofmembrane fouling in reverse osmosis and forwardosmosis by polysaccharides isolated fromnaturally adherent bacteria: (a) RSW8and (b) RSW14. RO fouling tests
were conducted with a hydraulic pressure of 400 psi; while FO tests were carried out by using constantly saturated NaCl solutions as draw solutions. All runs were performed under
identical conditions: initial flux of 9.5 L/(m2·h); cross-flow velocity of 8.5 cm/s; solution temperature of 25 ± 1 °C; feed solution consisting of 1 mM Ca2+ ions and 50 mM total ionic
strength; polysaccharide concentration of 0.2 g/L.
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